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ABSTRACT 
MOUNTAIN LION (Puma concolor) POPULATION CHARACTERISTICS AND 
RESOURCE SELECTION IN THE NORTH DAKOTA BADLANDS 
RANDY D. JOHNSON 
2017 
Mountain lions (Puma concolor) have significant ecological impacts on the 
ecosystems they inhabit, leading to both biological and social ramifications.  Yet, due to 
the relatively recent natural recolonization by mountain lions of the Little Missouri 
Badlands Region of western North Dakota, detailed data regarding many aspects of this 
population have been lacking.  Therefore, we studied mountain lions occupying the 
Badlands Region to improve our understanding of mountain lion population ecology, 
resource selection, and occurrence in North Dakota.  Our objectives were to: 1) improve 
the accuracy of home range size, subadult movement, and survival estimates of mountain 
lions in North Dakota, 2) employ statistical population reconstruction (SPR) techniques 
to model the mountain lion population in North Dakota and use it to estimate population 
abundance, population density, and investigate population trajectory, 3) investigate 
individual and population-level resource selection and develop a population-level 
resource selection function (RSF) for mountain lions across the Badlands, and 4) create a 
statewide habitat suitability map for the species and compare it with previous models, and 
5) estimate statewide carrying capacity for mountain lions based upon quantity of suitable 
habitat.  During 2015 and 2016, we captured and marked nine mountain lions (3 M, 6 F) 
across the Badlands.  We included data collected from 16 other mountain lions marked 
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during previous research in our analyses when appropriate.  Annual 95% home ranges for 
males averaged 295.44 km2 (CI = 226.64–364.25 km2) while females averaged 127.49 
km2 (CI = 83.27–171.71 km2).  We recorded subadult movement patterns for one 
subadult male and one subadult female.  Between 2012 and 2016, average annual 
survival was estimated at 45.6% (95% CI = 26.4–66.1).  Sex-specific survival was 
estimated at 58.9% (95% CI = 33.8–80.0) for females and 25.9% (95% CI = 8.9–55.5) for 
males.  Additionally, we recorded 17 cause-specific mortalities of marked mountain lions 
over the same five-year period.  Between 2005 and 2017, annual population abundance 
estimates ranged from low a of 27 total mountain lions (95% CI = 1–52) in 2005-06 to a 
high of 165 total mountain lions (95% CI = 89–241) in 2011-12.  We produced 12 annual 
density estimates (2005-17), which ranged from a low of 0.45 total mountain lions/100 
km2 in 2005-06 to a high of 2.8 total mountain lions/100 km2 in 2011-12.  Mountain lions 
exhibited varying individual responses to habitat components, yet population-level 
patterns emerged.  Mountain lions showed strong positive selection for landscape 
ruggedness, edge habitat, and forest, while displaying negative responses to disturbed 
anthropogenic landcovers.  We used the population-level RSF to map suitable habitat for 
mountain lions across the state of North Dakota, which indicated 3,969 km2 of suitable 
habitat in North Dakota, approximately 60% of which occurred in the Badlands and 
Missouri River Breaks regions.  Our model validated well, and produced a carrying 
capacity estimate of 38 to 61 (range = 11–88) resident adult mountain lions, based upon 
published population densities and quantity of suitable habitat in North Dakota.  
Managers in North Dakota now have the information needed to make scientifically-
informed decisions regarding the current and future management of this apex predator.
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CHAPTER 1: GENERAL INTRODUCTION 
 Mountain lions (Puma concolor) historically ranged across most of the American 
continents, spanning 110 degrees of latitude from southeast Alaska to the southern 
reaches of Argentina and Chile, and from the Atlantic to the Pacific (Culver et al. 2000, 
Logan and Sweanor 2001).  The species ranks as having the most extensive range of any 
terrestrial mammal in the Western Hemisphere, excluding humans (Logan and Sweanor 
2001).  This distinction is testimony to the incredible adaptability of mountain lions, as 
evidenced by both the variety of habitats they occupy and prey they consume (Fecske et 
al. 2011, Logan and Sweanor 2001).  Throughout their range, mountain lions inhabit a 
diverse array of environments, ranging from rainforests (Laundré and Hernández 2009) 
and deserts (Logan and Sweanor 2001), to boreal forests (Knopff et al. 2010) and Florida 
swamplands (Johnson et al. 2010).  Accordingly, while their diet consists of mainly deer-
sized prey, they readily consume a variety of small to mid-sized mammals (Thompson et 
al. 2008); occasionally this includes domestic animals such as cattle and pets (Fecske et 
al. 2011).  
 Prior to European colonization, mountain lions were found across North America 
(Logan and Sweanor 2001).  However, along with settlers came a trend of hostility 
toward predators as well as habitat loss, reducing mountain lion range by two-thirds 
(Culver et al. 2000).  This trend continued into the early 1900s in the form of state bounty 
and federal predator control programs (Gill 2009).  Other than a remnant population in 
Florida (i.e., Florida panther), mountain lions were largely restricted to rugged and 
inhospitable areas of the American west (LaRue et al. 2012).  Beginning in 1965, all of 
the western states (except Texas) and Canadian provinces shifted policies (i.e., eliminated 
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bounty programs, ceased poisoning efforts, reclassified mountain lions as a game species 
with closed seasons), affording legal protection to mountain lion populations (LaRue et 
al. 2012, Logan and Sweanor 2001).  At the same time, prey species such as white-tailed 
deer (Odocoileus virginianus) and elk (Cervus elaphus) began increasing, mostly due to 
better management but also favorable changes in habitat occurring across the continent.  
This allowed mountain lion populations to rebound significantly, and subsequently 
mountain lions have naturally recolonized some areas of their former range, including 
breeding populations in South Dakota, North Dakota, and Nebraska (LaRue et al. 2012). 
 Mountain lions historically ranged throughout North Dakota, although they were 
considered scarce in the open prairies that typify the eastern part of the state (Bailey 
1926).  Human persecution led to the species disappearance and believed extirpation by 
the early 1900s (Bailey 1926).  The last confirmed record of a harvested mountain lion 
took place in 1902, along the Missouri River south of Williston (Bailey 1926).  It is 
unknown when mountain lions returned to the state; the earliest documentation of a 
mountain lion occurred in 1958, when a mountain lion was officially recorded near 
Killdeer, North Dakota (NDGFD 2006). Between 1958 and 1991, there were 11 
confirmed reports of mountain lions in the state (NDGFD 2006).  By the early 2000s, the 
number of confirmed reports had more than doubled, and in 2005, the state assessed the 
status of mountain lions in North Dakota; it was determined that the Little Missouri 
Badlands (Badlands) and associated Missouri River Breaks regions in the western portion 
of the state had sufficient suitable habitat (approximately 4,637 km2) to support a 
relatively small population of mountain lions (NDGFD 2006).  Although this population 
was separated from other breeding populations by large expanses of open grasslands, it 
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was believed the population reestablished itself naturally, most likely colonized by 
mountain lions originating from the Black Hills of South Dakota (NDGFD 2006, Juarez 
et al. 2016); subsequent research documented immigration from both South Dakota 
(Thompson and Jenks 2010, Juarez et al. 2016) and Montana (Wilckens 2014).  Since 
2005, mountain lions in North Dakota have been primarily managed via an annual, 
limited-take harvest season, with additional protocols in place to deal with human-
mountain lion conflicts (NDGFD 2006).   
 Due to the relatively recent recolonization of the North Dakota Badlands, reliable 
long-term data for this mountain lion population were limited.  The first research project 
on the species was initiated in 2011, which focused on collection of ecological and 
demographic information of this unique population (Wilckens 2014, Wilckens et al. 
2016).  In 2014, a second phase of intensive research commenced to expand the 
knowledge base regarding the population characteristics and resource selection patterns 
of mountain lions in western North Dakota (Figure 1).  Our objectives were to: 1) 
improve estimates of home range size, subadult movements, and survival of mountain 
lions in North Dakota, 2) employ statistical population reconstruction (SPR) techniques 
to model the mountain lion population in North Dakota and use it to produce estimates of 
population abundance, population density, and investigate population trajectory, 3) 
investigate individual and population-level resource selection and develop a population-
level resource selection function (RSF) for mountain lions across the Badlands, and 4) 
create a statewide habitat suitability map for the species and compare it with previous 
models, and 5) estimate statewide carrying capacity for mountain lions based upon 
quantity of suitable habitat. 
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Figure 1.  Our study area was located within the Little Missouri Badlands region of 
western North Dakota from 2014-2016, and was entirely within mountain lion 
Management Zone 1 (NDGFD 2016; inset map). 
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Population Characteristics of Mountain Lions (Puma concolor) in the North Dakota 
Badlands 
 
ABSTRACT 
Mountain lions (Puma concolor) have significant ecological impacts on the 
ecosystems they inhabit, leading to both biological and social ramifications.  Yet, due to 
the relatively recent natural recolonization by mountain lions of the Little Missouri 
Badlands Region of western North Dakota, detailed data regarding many aspects of this 
population have been lacking.  Therefore, we studied mountain lions occupying the 
Badlands Region to improve our understanding of mountain lion population 
characteristics in North Dakota.  Our objectives were to: 1) improve the accuracy of 
home range size, subadult movement, and survival estimates of mountain lions in North 
Dakota, 2) employ statistical population reconstruction (SPR) techniques to model the 
mountain lion population in North Dakota use the population model to produce estimates 
of mountain lion population abundance, density, and investigate population trajectory.  
Between 2014 and 2016, we captured and marked nine mountain lions (3 M, 6 F) across 
the Badlands.  We coupled our data with data collected from 16 other mountain lions (8 
M, 8 F) marked during previous research.  Annual 95% home ranges for males averaged 
295.44 km2 (CI = 226.64–364.25 km2) while females averaged 127.49 km2 (CI = 83.27–
171.71 km2).  We recorded subadult movement patterns and distances for one subadult 
male and one subadult female.  Between 2012 and 2016, the average annual survival rate 
estimated using known fate data was 45.6% (95% CI = 26.4–66.1).  Sex-specific survival 
was estimated at 58.9% (95% CI = 33.8–80.0) for females and 25.9% (95% CI = 8.9–
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55.5) for males.  Additionally, we recorded 17 cause-specific mortalities of marked 
mountain lions over the same five-year period.  Between 2005 and 2017, mountain lion 
annual population abundance estimates ranged from a low of 27 total mountain lions 
(95% CI = 1–52) in 2005-06 to a high of 165 total mountain lions (95% CI = 89–241) in 
2011-12.  We produced 12 annual density estimates (2005-17), which ranged from a low 
of 0.45 total mountain lions/100 km2 in 2005-06 to a high of 2.8 total mountain lions/100 
km2 in 2011-12.  Managers in North Dakota now have the information needed to make 
scientifically-informed decisions regarding the current and future management of this 
top-level predator. 
INTRODUCTION 
A goal of researching wildlife populations is often to assess both current and 
projected population abundance, and investigate the factors that influence these metrics 
(Lancia et al. 2005, Skalski et al. 2005).  Knowledge of demographic parameters driving 
populations informs decisions regarding adjusting populations to achieve desired 
population size, whether relative or absolute (Lancia et al. 2005).  Accurately estimating 
the population dynamics of mountain lions (Puma concolor) always has been a 
challenging endeavor, due to their cryptic lifestyle, low densities, and the complex terrain 
they often occupy (Logan and Sweanor 2001, Whittaker and Wolfe 2011).  Therefore, 
demographic data collected from both radio-collared and harvested mountain lions are 
often used to inform statistical models, which can then be used to monitor population 
growth rates and trajectory (CMGWG 2005, Whittaker and Wolfe 2011). 
Understanding movement patterns of mountain lions is an important aspect of a 
science-based management regime.  Home range characteristics can offer valuable 
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insight into intraspecific interactions as well as habitat use and quality (Logan and 
Sweanor 2001).  Dispersal and movement patterns of newly independent subadults are a 
critical component of mountain lion ecology.  These movements are the primary source 
of emigration and immigration among populations, sustain genetic diversity across the 
landscape, and are the primary mechanism for range expansion and habitat recolonization 
(Logan and Sweanor 2001, Thompson and Jenks 2005, Thompson and Jenks 2010).  
These long-range dispersal movements are of particular interest in North Dakota, where 
mountain lions have naturally recolonized the state, but remain geographically semi-
isolated from other mountain lion populations by large expanses of agricultural and 
grassland habitat (NDGFD 2006).  Furthermore, because the North Dakota population 
primary range occurs on the eastern edge of the current mountain lion distribution, the 
population represents a possible source of dispersing individuals contributing to 
continued species range expansion eastward (LaRue and Nielsen 2008, LaRue and 
Nielsen 2015, Juarez et al. 2016).  
Estimating survival rates and documenting cause-specific mortalities are critical 
components in comprehending population dynamics.  Many factors affect survival rates 
among sex and age classes of mountain lions, and these factors can fluctuate on an annual 
basis (Fecske et al. 2011, Lindzey et al. 1988, Ruth et al. 2011).  Harvest is often the 
primary cause of mortality in hunted mountain lion populations, whereas intraspecific 
strife typically is the leading cause of mortality among unhunted populations (Logan and 
Sweanor 2001, Fecske et al. 2011); but see Thompson et al. (2014).   
Statistical models are often used to monitor mountain lion populations as a 
substitute or in tandem with other indices (CMGWG 2005).  Model types and methods 
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vary, but many result in a form of population reconstruction, often based upon age-at-
harvest data collected from harvested animals (Skalski et al. 2005).  One of the more 
promising developments in this area is referred to as statistical population reconstruction 
(Gove et al. 2002).  Statistical population reconstruction (SPR) offers many benefits over 
other more traditional age-at-harvest analytical techniques, including estimation of 
confidence intervals associated with demographic parameters, flexibility for model 
specification and selection, incorporation of a variety of types of auxiliary information, 
instead of “educated guesses”, to supplement the population reconstruction, and 
maximum information extraction (Gove et al. 2002, Skalski et al. 2005).  The resulting 
model can be used to estimate annual population abundance, as well as investigate the 
effects of management actions.  Because logistical and monetary constraints make annual 
intensive monitoring of mountain lion populations impractical, having a reliable and 
defensible model is integral to ensuring sustainable management.  Additionally, 
abundance estimates may be used to estimate mountain lion density.  Variation in 
mountain lion density is thought to relate to available prey biomass, harvest regime, and 
habitat quality; as a consequence, interpretation of density estimates is often difficult 
(Logan and Sweanor 2001).  Nonetheless, if available, density estimates may be used in 
conjunction with other indices to diagnose population trends.     
 The work done by Wilckens (2014) represented the first evaluation of the 
population characteristics of mountain lions in western North Dakota, but it was limited 
by time and sample size constraints. By increasing sample sizes and duration of research, 
our work builds upon and improves upon the accuracy of estimates derived during his 
study, and contributes novel information.  Our objectives were to 1) improve the 
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accuracy of home range size, subadult movement, and survival estimates of mountain 
lions in North Dakota, and 2) employ SPR techniques to model the mountain lion 
population in North Dakota and use the population model to produce estimates of 
mountain lion population abundance, density, and investigate population trajectory.   
METHODS 
STUDY AREA 
Our study area covered approximately 2,800 km2, primarily within Billings, 
Dunn, and McKenzie counties, North Dakota, USA (Figure 1).  Much of the study area 
was comprised of the Little Missouri Badlands Region (Badlands), but also included the 
Killdeer Mountains.  The Badlands are a 6,322 km2 region in western North Dakota 
characterized by a highly variable landscape of clay slopes, steep canyons, buttes, and 
bottomlands carved by the Little Missouri River (Hagen et al. 2005).  Elevation ranged 
from 570 m to 710 m above mean sea level (Hagen et al. 2005).  The Badlands were 
vegetated, primarily on north and east facing slopes, with stands of Rocky Mountain 
juniper (Juniperus scopulorum) and green ash (Fraxinus pennsylvanica); riparian areas 
generally contained stands of cottonwood (Populus deltoides).  Shortgrass prairie was 
dominant on southern and western slopes, plateaus, and bottomlands (Hagen et al. 2005).  
Ephemeral and intermittent streams were common in valleys; natural wetlands were rare, 
but manmade water impoundments were relatively common (Hagen et al. 2005).  East of 
and adjacent to the Badlands are the Killdeer Mountains, a 60 km2 elevated region rising 
213-305 m above the surrounding prairie, to a maximum elevation of 1,010 m above 
mean sea level (Hagen et al. 2005).  The Killdeer Mountains were vegetated by 
deciduous woodlands of burr oak (Quercus macrocarpa), quaking aspen (Populus 
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tremuloides), green ash, paper birch (Betula papyrifera), western black birch (Betula 
nigra), and American elm (Ulmus americana) interspersed with open areas of shortgrass 
prairie and some rocky escarpments (Hagen et al. 2005).  Our study area was a mixture of 
public (56%) and private land (44%); public lands included the Little Missouri National 
Grasslands, Bureau of Land Management properties, North Dakota State Trust lands, 
Theodore Roosevelt National Park, and the North Dakota Game and Fish Department 
Killdeer Mountain Wildlife Management Area.   
North Dakota has a continental climate characterized by large variations in 
temperature, both seasonally and daily (Hagen et al. 2005).  Thirty-year climate data from 
a weather collection site located centrally in the study area (Grassy Butte, North Dakota) 
indicated that annual precipitation averaged 16.2 cm and average monthly temperatures 
ranged from a low of -9.2° C in January to a high of 20.8° C in July (National Centers for 
Environmental Information 2013). Cattle grazing was the most common land use across 
the Badlands; however, oil and gas development increased dramatically in recent years 
(Hagen et al. 2005).  Oil pads and associated roads and traffic were common throughout 
the study area.  
Primary prey available to mountain lions throughout the region included mule 
deer (Odocoileus hemionus), white-tailed deer (O. virginianus), elk (Cervus elaphus), 
bighorn sheep (Ovis canadensis), and pronghorn (Antilocapra americana).  Secondary 
prey included porcupine (Erethizon dorsatum), beaver (Castor canadensis), turkey 
(Meleagris gallopavo), raccoon (Procyon lotor), and several species of rodents and 
lagomorphs.  Domestic livestock (e.g., cattle, horses, goats) were present across the 
region as well (Wilckens et al. 2016).  
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Mountain lions were classified as a furbearer in North Dakota with a regulated 
hunting season (September through March).  The state was divided into two management 
zones (Zone 1 and Zone 2) with a season harvest limit in place for Zone 1, while Zone 2 
was deemed ‘unsuitable habitat’ and therefore, had no season harvest limit.  Our study 
area was located within the boundaries of mountain lion management Zone 1 (NDGFD 
2016). 
CAPTURE AND MONITORING 
 We established bait sites in areas of mountain lion activity using vehicle-killed 
white-tailed and mule deer, but also beaver and moose (Alces americanus) when 
available.  Baits were cabled to the base of a tree in an area suitable for future trapping.  
Additionally, we used several commercial trapping lures (e.g., bobcat lure, skunk 
essence, mountain lion urine), electronic callers (trap bait digital caller, Lucky Duck™ 
Premium Decoys, Baldwin, Wisconsin, USA; FurFindR™, Wasatch Wildlife Products, 
Magna, Utah, USA), and visual attractants (e.g., feathers, CDs) to increase the potential 
for visitation at our bait sites.  Bait site activity was monitored with trail cameras 
(Extreme HD 40, Covert Scouting Cameras, Inc., Lewisburg, Kentucky, USA) and 
typically checked by personnel every 2–4 days.  Once a mountain lion visited a site and 
we determined it was likely to return, we set traps at that location.  
 We live-captured mountain lions using foothold traps (#7 or #8 offset with teeth, 
Livestock Protection Company, Alpine, Texas, USA) cabled to the base of a tree (Logan 
et al. 1999, Wilckens 2014, Wilckens et al. 2016).  The traps were equipped with a 
minimum of three swivel points and a single, heavy-duty inline shock spring to reduce 
the chance of injury to captured mountain lions.  In addition, we cleared all brush within 
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a three-meter radius around the anchor tree, including all branches up to two meters high 
on the anchor tree, to maximize animal safety.  To help avoid non-target captures, we 
increased the trap pan tension so that it took a considerable amount of pressure to fire the 
trap.  All set traps were continuously monitored via personnel or satellite trap transmitters 
(TT3 Trap Transmitter, Vectronic Aerospace, Berlin, Germany, EU; Johnson et al. 2017), 
allowing for immediate capture notification and swift removal and processing of captured 
mountain lions.  
We chemically immobilized captured mountain lions using a mixture of 
tiletamine and zolazepam (Telazol; 5.0 mg/kg) and xylazine (Anased; 1 mg/kg) 
administered intramuscularly using a loaded dart projected from a pneumatic rifle (Dan-
Inject, Børkop, Denmark, EU; Kreeger and Arnemo 2007).  Once immobilized, we 
weighed, measured, determined sex, and estimated age based on tooth wear and pelage 
characteristics (Anderson and Lindzey 2000) of captured mountain lions.  If time 
allowed, we extracted an upper premolar tooth for cementum analysis to confirm 
estimated age (Matson’s Laboratory LLC, Manhattan, Montana, USA).  Subadult 
(dispersal until 3 yrs) and adult (>3 yrs) mountain lions were ear-tagged and fitted with 
real-time GPS collars (G2110E, Advanced Telemetry Systems, Isanti, Minnesota, USA) 
while kittens (dependent on mother) were ear-tagged.  Deployed collars were 
programmed to attempt a GPS fix for 180 seconds at three scheduled times daily (04:00, 
12:00, 22:00 hr).  Coordinates were transmitted via satellite every sixth day to an 
automated email system.  Collars were programmed with a 10-hour mortality signal.  
Throughout handling, we monitored temperature, pulse, and respiration of captured 
mountain lions at regular intervals.  With handling complete, we used yohimbine 
17 
 
(Yobine; 0.125 mg/kg) to reverse the effects of xylazine (Kreeger and Arnemo 2007).  
Finally, we observed the mountain lion’s recovery from a safe distance.  Animal handling 
methods used in this project followed guidelines approved by the American Society of 
Mammalogists (Sikes et al. 2016) and were approved by the Institutional Animal Care 
and Use Committee at South Dakota State University (Approval number 14-094A). 
HOME RANGE ANALYSIS 
 To increase the accuracy of current home range size estimates, we pooled our data 
with data collected during previous research on mountain lions in North Dakota 
(Wilckens 2014).  Because these data were collected at a different temporal scale, we 
resampled the previously collected data to closely match our fix schedule (i.e., eight 
locations/day recorded every three hours reduced to three locations/day at 03:00, 12:00, 
and 21:00).  We then calculated 95% and 50% home ranges for resident adult mountain 
lions using the Brownian Bridge Movement Model (BBMM) with package BBMM 
(Nielson et al. 2013) in Program R (R Development Core Team 2016).  We used a time-
lag of 615 minutes to exclude non-consecutive locations and a cell size of 100 meters.  
We estimated home range sizes both seasonally (summer = May 15–November 14, 
winter = November 15–May 14; Jalkotzy et al. 1999) and annually (two consecutive 
seasons) for resident adult mountain lions with at least 90 days of active locations in a 
season.  We considered subadults as residents if they displayed at least four months of 
predictive habits (Ross and Jalkotzy 1992).  Two adult individuals had collars that 
developed a time-stamp issue that prevented use of the BBMM to calculate home ranges 
from locations collected during their second year in the study.  To account for this issue, 
we calculated 95% and 50% minimum convex polygon (MCP) home ranges for these two 
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individuals using the ‘adehabitat’ package (Calenge 2006) in Program R, and then 
determined spatial overlap between their year-one BBMM estimate and year-two MCP 
estimate using ArcGIS 10.3 (Esri Inc., Redlands, California, USA).  If home range 
fidelity was high between years (i.e., >75%), we reported the year-one BBMM estimate 
for year two.  Because mountain lions in the North Dakota Badlands do not exhibit 
seasonal shifts in home ranges (Wilckens 2014), we did not test for seasonal or yearly 
differences.   
SUBADULT MOVEMENTS 
 We documented subadult movements by calculating the straight-line distance 
between the initial capture location and either the mortality location, last known location, 
or home range centroid if the individual successfully established a home range 
(Thompson and Jenks 2010).   
SURVIVAL ANALYSIS 
 We estimated annual survival of mountain lions using a known fate analysis with 
the logit-link function in Program MARK (White and Burnham 1999).  We created a 
monthly encounter history for each radio-collared adult or independent subadult 
mountain lion, beginning at initial capture date and continuing until mortality, collar 
failure, or calendar year end.  Collar failures were right censored, but individuals were 
reentered into the analysis if recaptured.  We developed a series of a priori models to 
investigate the effects of sex, age (subadult or adult), hunting season (early season, late 
season [use of hounds allowed], and combined), and year on mountain lion survival.  We 
recorded data on cause-specific mortalities of mountain lions by investigating collar 
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mortality signals immediately upon detection and from carcass necropsies of harvested or 
otherwise killed mountain lions.   
POPULATION MODEL 
 We estimated yearly population abundance by analyzing age-at-harvest data and 
radio-collar data using statistical population reconstruction (SPR) methods (Gove et al. 
2002, Skalski et al. 2005).  This technique estimates historical abundance based upon a 
joint likelihood model analyzing age-at-harvest data in concert with at least one source of 
auxiliary information.  The general form of the joint likelihood model is 
LJoint = LAge-at-harvest * LAuxiliary * LReporting 
where LAge-at-harvest is a likelihood model that describes the cohort data within the age-at-
harvest matrix as a function of survival and harvest parameters, LAuxiliary is a likelihood 
model used to estimate one or more of the abundance, survival, or harvest parameters, 
and LReporting is a likelihood model that describes the probability a harvested animal is 
reported and included in the age-at-harvest data (Gove et al. 2002, Skalski et al. 2005).  
We used program POPRECON 2.0.26 (Lady and Skalski 2015) to estimate the likelihood 
models and parameters.  
 Our age-at-harvest data consisted of all reported mountain lion mortalities (legal 
harvests and non-harvest mortalities [e.g., illegal take, depredation, vehicle collision]) 
occurring within North Dakota, including those on the Fort Berthold Reservation, 
between March 2005 and February 2017.  We included Zone 2 mortalities to maximize 
our sample size, but doing so required the assumption that all mortalities from Zone 2 
originated from the North Dakota population and could be included in historical cohorts.  
Although nearly all mountain lions were aged to year of birth via tooth cementum 
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analysis, the age-at-harvest matrix was sparse when encompassing all ages (i.e., age 0 to 
age 16).  Therefore, we pooled the adult data into a 3+ year age class, and assumed 
harvest and survival probabilities were similar among the 3+ age classes and sexes.  
Pooling adult data has been shown to have negligible effects on SPR model performance 
(Skalski et al. 2012a), particularly when demographic parameters do not differ within the 
adult age class (Gast 2012).   
Age-at-harvest likelihood 
We modeled time as two discrete periods: hunting season (September through 
February) and non-hunting season (March through August).  A necessary assumption 
with this structure was natural mortality was negligible during the hunting season, and 
this assumption was supported by data on mountain lions from the Black Hills of South 
Dakota (Juarez 2014).  Harvest probability P refers to the probability an individual is 
legally harvested during the hunting season.  Conversely, survival probability S should 
approximate natural survival, or the probability an individual survives the non-hunting 
season.  Therefore, the probability an animal survives from the beginning of a hunting 
season in year i to the beginning of the hunting season the following year is (1 - P) * S.  
In SPR models, hunter effort data are necessary to estimate harvest probabilities.  
The relationship between hunter effort and harvest probability is: 
Pi = 1 – e
-(c + yi) fi 
where P is the harvest probability, c is an estimated harvest vulnerability coefficient, y is 
an optional random effects parameter that allows for interannual variation in the 
relationship between hunter effort and harvest probability, and f is the supplied annual 
estimate of annual hunter effort (Clawson 2015).  However, we lacked detailed 
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information regarding annual hunter effort.  We approximated annual hunter effort by 
dividing the annual Zone 1 hunting season limit by the total number of statewide 
mortalities for each year.  This resulted in higher levels of hunter effort in years when the 
hunting season limit was not met, and lower levels of hunter effort when the hunting 
season limit was met or exceeded.  This seemed appropriate as total hunter effort should 
have increased with every additional day the hunting season remained open due to the 
hunting season limit not being met; conversely, total hunter effort should have been lower 
in years when the hunting season limit was met in a short time.  Additionally, this 
approximation of hunter effort represented higher catch-per-unit-effort in years when 
more mountain lions were killed outside of the hunting season or in Zone 2.  We assumed 
this higher catch-per-unit-effort reflected higher mountain lion densities, because out-of-
season and Zone 2 effort (i.e., vehicle collisions, depredation, chance encounters) likely 
did not change significantly annually.  True hunter effort was likely variable among and 
within years, and was likely highly influenced by yearly hunting season limits and 
regulations, population size, and weather/tracking conditions (Wilckens 2014). 
Auxiliary likelihood 
 Age-at-harvest data alone cannot estimate the necessary demographic 
parameters needed in SPR, so auxiliary field studies are needed to provide the 
missing information (Gove et al. 2002).  We used six years of mark-recapture data 
to fulfill the requirement of independent auxiliary data.  From this information, we 
used the number of tagged, independent mountain lions alive at the beginning of a 
hunting season and the number of those same individuals legally harvested to 
estimate harvest probability P.  To estimate survival probability S, we used the 
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number of tagged, independent mountain lions alive at the end of a hunting season 
and the number of those same individuals that survived until the start of the next 
hunting season.  
Reporting likelihood 
 All mountain lions killed (including legal harvest, depredation, vehicle-
collisions, etc.) in North Dakota were required by law to be reported to the North 
Dakota Game and Fish Department, yet a few database entries were missing age 
information.  Therefore, we estimated the annual reporting rates as year-specific 
using the total number of reported and aged mountain lions and the number of 
known mortalities.  It is likely a few additional mortalities occurred (i.e. , illegal 
harvest) that were never reported (Wilckens 2014) but this information cannot be 
known and therefore, was not used in the model. 
We developed six a priori models to investigate the effects of varying harvest and 
survival probability configurations based upon those provided by Gove et al. (2002) and 
our own knowledge of the system.  We ranked candidate models using Akaike’s 
Information Criterion (AIC; Burnham and Anderson 2002).  Finally, output from the 
best-fitting models was analyzed for realism, and models were excluded from 
further consideration if output was biologically unrealistic (Skalski et al. 2012b).  
DENSITY ESTIMATE 
 We produced annual mountain lion density estimates (mountain lions per 100 
km2) by dividing the total annual abundance provided by the SPR population model 
by the total area considered current mountain lion range.  We chose to use total 
mountain lion range and not just areas considered suitable habitat (Johnson Chapter 
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3) to ensure estimates were as comparable to other studies as possible.  Current 
mountain lion range was delineated as the Little Missouri Badlands ecoregion 
located north of the Slope County line, plus the portion of the Missouri River 
Breaks ecoregion contained within Zone 1 and south of the northern Fort Berthold 
Reservation boundary.  This classification was based upon the locations of  verified 
mountain lion reports collected by the North Dakota Game and Fish Department 
from 1990 to 2017, the distribution of suitable mountain lion habitat (see Chapter 
3), and field observations made during our study, including locations from radio-
collared mountain lions. 
RESULTS 
 Between 2014 and 2016, we live-captured nine mountain lions, four of which 
were resident adults (1 M, 3 F), three were considered dispersing subadults (1 M, 2 F), 
and two were dependent kittens (1 M, 1 F).  One subadult female transitioned to an adult 
during the study, and because of high home range fidelity across the two years, we 
considered her a resident adult in our analyses.  All captured adult and subadult mountain 
lions were collared and ear-tagged, while the two dependent kittens were ear-tagged but 
not collared.  We also observed a previously marked adult female alive in the study area 
on multiple occasions via trail camera, and one adult female mountain lion marked during 
previous research in North Dakota (Wilckens 2014) was legally harvested during our 
study.  In addition, we utilized data collected from 16 other mountain lions (8 M, 8 F) 
marked during previous research in our analyses when possible (Wilckens 2014). 
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HOME RANGE ANALYSIS 
We calculated annual and seasonal home ranges for 13 adult mountain lions (6 M, 
7 F), resulting in 13 annual and 24 seasonal home range estimates (Table 1).  Annual 
95% home ranges for males averaged 295.44 km2 (95% CI = 226.64–364.25 km2) while 
females averaged 127.49 km2 (95% CI = 83.27–171.71 km2).  Seasonal home range 
estimates for males were 222.81 km2 (95% CI = 189.19–256.42 km2) during winter and 
279.67 km2 (95% CI = 197.4–361.90 km2) during summer; we excluded one male 
summer home range from the mean estimate because it was nearly 100 km2 larger than 
the next largest summer home range, due to a series of locations recorded during a single 
foray outside of his usual home range.  Female home ranges averaged 99.57 km2 (95% CI 
= 52.99–146.14 km2) during winter and 124.61 km2 (95% CI = 90.37–158.84 km2) 
during summer.   Annual 50% core home ranges averaged 66.68 km2 (95% CI = 48.06–
85.29) for males and 28.74 km2 (95% CI = 19.77–37.71 km2) for females.  Annual male 
95% home ranges averaged 2.3 times larger than annual female 95% home ranges, while 
seasonal male 95% home ranges averaged 2.2 times larger than seasonal female 95% 
home ranges during both winter and summer.   
SUBADULT MOVEMENTS 
 We recorded subadult movement patterns and distances for one subadult male and 
one subadult female.  The subadult male was captured 21 April 2015 at approximately 
1.5 years old.  Two months later the subadult male traveled northwest from the Badlands 
and reached the Yellowstone River in Montana, before spending six days moving north 
along the river.  The individual reached a maximum straight-line distance of 63.67 km 
from the capture location, before changing course and returning to the Badlands.  Over 
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the next five months, the subadult male seemed to be in the process of establishing a 
home range, before being legally harvested on 13 December 2015, at a straight-line 
distance of 26.11 km from its capture location.   
 The subadult female was originally marked during previous research (Wilckens 
2014).  The individual reached a maximum straight-line distance of 79.10 km from its 
original capture location, before moving back towards its natal range.  However, its collar 
eventually failed, with the final known location on 3 May 2013 at a straight-line distance 
of 5.82 km from the capture location.  The status of the individual remained unknown, 
until it was legally harvested on 29 December 2014.  The mortality location was 16.74 
km straight-line distance from the original capture location.  
SURVIVAL ANALYSIS 
 We estimated survival with data collected from seven individuals (2 M, 5 F) 
captured from 2014-2016 along with data from 14 individuals (8 M, 6 F) captured from 
2012-2014 (Wilckens 2014), resulting in 34 total yearly encounter histories.  The top-
ranked model for the known fate analysis included year, sex, and late hunting season as 
covariates (Table 2).  Age of the individual was not influential in the analysis.  However, 
we considered the second-ranked model (sex and late hunting season) as a competing 
model because it was <2 AICc (ΔAICc = 1.9653) from the top-ranked model and carried 
considerable AICc weight (AICc weight = 0.2085).  Together, the top two models carried 
the majority of AICc weight (combined AICc weight = 0.7656).  Overall annual survival 
estimates from the two competing models were nearly identical (annual survival = 0.4557 
and 0.4550, S.E. = 0.1071 and 0.1019, respectively).  Because the year variable was the 
only difference between the competing models, we chose to exclude it from the analysis 
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because 1) annual survival estimates were nearly identical between models, 2) the year 
variable beta estimate included zero (beta = 0.0015, 95% CI = -0.0001–0.0031), and 3) 
the observed effect was likely due to changes in sample sizes between years rather than 
being biological meaningful.  Therefore, we considered the model with sex and late 
season as the top model and used it to estimate survival for both analyses.  Over the five-
year period, the average annual survival rate estimated using known fate data was 45.6% 
(95% CI = 26.4–66.1).  Sex-specific survival was estimated at 58.9% (95% CI = 33.8–
80.0) for females and 25.9% (95% CI = 8.9–55.5) for males.  We recorded 17 mortalities 
of marked mountain lions over the same five-year period; ten legal hunter harvests, two 
illegal harvests, three depredation removals, and two vehicle collisions (Table 3). 
POPULATION MODEL 
 Our age-at-harvest matrix consisted of 12 years of data (2005-2017) and 
contained a total of 189 mortalities (legal harvests [n = 129] and non-harvest mortalities 
[n = 60]), 183 of which were aged via cementum annuli.  Our auxiliary survival 
information had five years (2012-2017) of mark-recapture data, with a total of 40 yearly 
entries, 36 of which survived.  Our auxiliary harvest information had five years (2012-
2017) of mark-recapture data, with a total of 37 yearly entries, 13 of which were 
harvested.  We were unable to incorporate random harvest or survival effects into any 
models. 
We considered the MpyaS model as our top model, because it was >2 AIC 
(6.7772) from the next best model (Table 4).  This model structure assumed natural 
survival was constant across years and age classes, and harvest probabilities varied by 
year and age class.  Natural survival was estimated at 89.3% (95% CI = 79.6%–99.0%) 
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across all age classes and years.  Harvest probabilities varied by year and age class (Table 
5) and ranged from a minimum of 10.3% (95% CI = 5.4%–15.2%) for the age 0 class to a 
maximum of 53.5% for the age 3+ age class (95% CI = 35.5%–71.5%).  Annual 
abundance estimates from the top model ranged from low of 27 total mountain lions 
(95% CI = 1–52) in 2005-06 to a high of 165 total mountain lions (95% CI = 89–241) in 
2011-12 (Table 6, Figure 2).  The average total abundance was estimated at 71 mountain 
lions over the course of the 12 years.  
DENSITY ESTIMATE 
 The total area considered for calculating mountain lion densities was 6,467 km2, 
but after subtracting 548 km2 of open water, we used a total of 5,919 km2 in our 
calculations (Figure 3).  We produced 12 annual density estimates (2005-2017), which 
ranged from a high of 2.8 total mountain lions/100 km2 in 2011-12, to a low of 0.45 total 
mountain lions/100 km2 in 2005-06.  Average density over the 12 years was estimated at 
1.20 total mountain lions/100 km2 (Table 7). 
DISCUSSION 
 This work represents the most comprehensive assessment conducted to date of the 
characteristics of this unique population of mountain lions.  As such, it will not only be 
critical in establishing responsible management strategies for the North Dakota mountain 
lion population, it will also contribute to the future of mountain lion management across 
the North American continent as mountain lions continue to recolonize eastward.     
 Home range size estimates for resident adult mountain lions occupying the 
Badlands were within the range of estimates from other studies across North America 
(Fecske et al. 2011), although our annual home range estimates fell among the smaller 
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sizes reported in other studies.  This was due in part to using the BBMM method instead 
of the MCP method, because MCP estimation tends to simplify home range shape leading 
to overestimation of home range size.  But, it could also be an indication that the habitat 
in North Dakota, including the prey base, was of sufficient quality to support a density of 
mountain lions comparable to, or perhaps higher than, other previously studied 
populations across North America.  Our estimates were slightly larger than those reported 
by Wilckens (2014) even though we used the same BBMM method.  This result can be 
attributed to the difference in time interval of locations between our studies (8 
locations/day/individual vs. 3 locations/day/individual).  When calculating BBMM home 
ranges, the increased time interval leads to larger probability densities between pairs of 
locations, essentially creating a smoothing effect across the home range (Horne et al. 
2007).  The resulting home ranges had more generalized boundaries and less interior 
areas missing, painting a more complete picture of the home ranges (Figure 4).  This 
pattern was consistent among the resampled home ranges.  Using the larger estimates of 
home range size will result in more conservative estimates of both population density and 
abundance of mountain lions in the region.   
 Mountain lions have previously been documented immigrating into North Dakota 
from South Dakota (Thompson and Jenks 2010, Juarez et al. 2016) and Montana 
(Wilckens 2014).  Our record of a subadult male’s movement pattern indicated that it did 
leave the state for a brief time, before returning to the Badlands and attempting to 
establish a home range.  While this was not a record of emigration from North Dakota, it 
illustrated the potential of mountain lions to emigrate from this population.  This concurs 
with recent genetic research that indicated North Dakota mountain lions moving to South 
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Dakota, and vice versa (Juarez et al. 2016).  Our completed record of a subadult female’s 
movements corroborates well with the philopatric behavior generally displayed by 
subadult females (Logan and Sweanor 2001).  Even though she ventured a straight-line 
distance of 79.1 km from her capture location, she returned to and established a home 
range near her natal range.  Furthermore, her necropsy indicated she had successfully 
reproduced before being harvested. 
 The overall five-year annual survival rate we documented (45.6%) was below the 
survival estimates documented in several other hunted populations, including South 
Dakota (64%, Jansen 2011), Montana (65%, Robinson et al.  2014), the Pacific 
Northwest (59%, Lambert et al. 2006), Washington (56%, Cooley et al. 2009; 60%, 
Robinson et al.), Arizona (62%, Cunningham et al. 2001), Utah (64%, Stoner et al. 2006), 
and Alberta (67%, Knopff et al. 2010).  However, our estimate was slightly higher than 
the two-year survival estimate previously recorded for this population (42%, Wilckens 
2014).  The North Dakota population was believed to be in decline since 2011-12 (Figure 
2), consistent with several studies documenting similarly low overall survival rates 
(Cooley et al. 2009, Knopff et al. 2010, Lambert et al. 2006, Stoner et al. 2006).   
Research indicates that mountain lion mortalities due to hunting are not 
compensated by a reduction in natural deaths or increased vital rates, but rather through 
immigration from nearby populations (Cooley et al. 2009, Cooley et al. 2011, Robinson 
et al. 2014).  Immigration into North Dakota has been previously documented (Thompson 
and Jenks 2010, Wilckens 2014, Juarez et al. 2016).  However, the number of 
immigrating mountain lions likely is low due to harvest of neighboring populations in 
South Dakota and Montana (Jansen 2011), as well as the vast expanse of agricultural and 
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grassland landscapes found between populations, which results in a geographically semi-
isolated Badlands population (NDGFD 2006).  Therefore, this population should be 
considered particularly at risk of over-exploitation.   
Hunter harvest was the leading cause of mortality in our study (Table 3), 
consistent with the findings of Wilckens (2014) and other studies across North America 
(Jansen 2011, Knopff et al. 2010, Lambert et al. 2006, Logan and Sweanor 2001, 
Robinson et al. 2008, Stoner et al. 2006).  More broadly, nearly all mortalities of marked 
mountain lions between 2012 and 2016 were human-induced, including hunter harvest (n 
= 10), depredation (n = 3), illegal harvest (n = 2), and vehicle collision (n = 2) (Wilckens 
2014).   
The top-ranked survival model in our analysis included the late hunting season 
(hound use permitted) and sex covariates.  Use of hounds is widely considered to be the 
most effective tool for hunting mountain lions (CMGWG 2005).  During the time period 
in which we calculated survival, the late hunting season (hound use permitted) began 
immediately following the deer gun season (~Nov 30), which typically coincided with 
the arrival of snow.  Furthermore, the Badlands have an extensive network of roads as a 
result of energy development.  This combination of hound use, snow, and road density 
translates into a much-improved ability for hunters to locate, bay, and harvest mountain 
lions during the late hunting season (Dawn 2002) and this is reflected in our survival 
analysis. 
Determining the influence of sex on mountain lion survival is difficult because of 
several factors influencing sex-specific harvest probabilities.  Anderson et al. (2009) 
suggested that because male mountain lions generally exhibit larger daily movements, 
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they become more susceptible to harvest, particularly by hunters aided by hounds.  
However, it is reasonable to think females may be more susceptible to boot hunters, 
predator callers, and opportunistic take because females make up a larger proportion of 
the population on the landscape (Logan and Sweanor 2001).  Moreover, gender may be 
misidentified, particularly by inexperienced hunters (Dawn 2002), or nearly impossible to 
determine, if the mountain lion bays in a hole or cave (often the case in North Dakota).  
Finally, changes in hunting regulations can impact sex-specific harvest probabilities.  
During the second year of our study, the Zone 1 total hunting limit was lowered from 21 
to 15 and a female limit of three was implemented during the late hunting season 
(NDGFD 2016).  This could have led to hunters avoiding harvest of female mountain 
lions in order to keep the hunting season open as long as possible, and personal 
communication with hunters supported this notion.  During that year, five of the six 
marked mountain lions were female, likely resulting in increased survival estimates 
during that year.  Our result of females having higher survival rates than males also has 
been documented in studies in Washington (Cooley et al. 2009) and Montana (Robinson 
et al. 2014). 
 Our population model indicated an increasing trend in abundance until 2011-12 
when the trend reversed (Figure 5).  A sharp decrease in abundance followed for several 
years, and although the decreasing trend continued, the population seemed to level off in 
the most recent years.  The sharp drop in abundance coincided with the largest number of 
both legal harvests (n = 17) and non-harvest mortalities (n = 14) recorded in a single year 
in North Dakota.  In the years that followed, the number of legal harvests remained at 
similar levels, while non-harvest mortalities decreased to just a few annually.  While 
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speculative, it seems reasonable that the additional non-harvest mortalities, along with 
legal harvest, were the primary drivers of the decline.  Because the non-harvest 
mortalities have been reduced, the population could be approaching a stable equilibrium, 
maintained by current levels of mortality.  Additionally, this relationship lends support to 
the hypothesis that in the effective absence of immigration, non-harvest mortalities in this 
population may be mostly density dependent.   
The harvest and survival probabilities estimated by our SPR model support the 
low annual survival rate estimated via known fate data.  The estimated natural, non-
harvest mortality rate of ~11% agrees with research conducted in Montana (Robinson et 
al. 2015).  However, the relatively high estimated harvest probabilities result in low 
annual survival estimates, particularly among the older adult age classes.  This agreement 
between methods adds confidence to both results.  Additionally, both analyses indicate 
mortality during the hunting season was the primary contributor to low annual survival 
rates.  
All models are simplified representations of reality.  Therefore, it is important to 
address their limitations, particularly when applying a relatively novel technique.  
Perhaps our most important consideration was the small yearly sample sizes within our 
age-at-harvest dataset.  While there are no published guidelines for SPR data minimum 
requirements, our dataset was considered sparse (M. Clawson, University of Washington, 
pers. comm.).  As such, we stressed the importance of realistic and supportable model 
output, based upon the biology of mountain lions, our knowledge of the system, and 
comparison with our concurrent and previous (Wilckens 2014) research results.  One 
direct consequence of sparse data we observed were four occasions of zeroes within our 
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age-at-harvest data due to no mortalities reported within that particular year and age-
class.  Because abundance (N) is calculated as N = h/P (where h = number harvested and 
P = harvest probability) within each year and age class, a zero in the observed harvest 
translates to a zero in the corresponding year’s age class.  This is an unrealistic result, and 
leads to underestimation of total abundance within that year, particularly if the zero 
occurs in the younger, larger age classes.  The four zeroes within our age-at-harvest data 
occurred in three separate years, negatively biasing total abundance for those years 
(Table 6). 
 Another limitation of our data was the lack of detailed hunter effort information.  
Some survey data had been collected by the state (NDGFD 2016), but was too coarse to 
be of use in modeling.  Changes in hunting season structure and harvest limits over the 
years increased the difficulty of approximating annual hunter effort.  Furthermore, 
different methods (e.g., use of hounds, predator calling, chance encounters) employed by 
hunters of varying skill and experience, coupled with changes in hunting efficiency and 
perceived novelty of hunting mountain lions in a new state, all contribute to a complex 
reality of hunter effort.  Nonetheless, we believe our technique of estimating hunter effort 
was the best available avenue.  Still, we were required to assume that we approximated 
annual hunter effort in an appropriate and meaningful way.  More refined estimation of 
annual hunter effort in the future would certainly increase model performance and 
accuracy. 
A major assumption of SPR modeling is that survival and harvest processes are 
modeled correctly and estimated without bias (Skalski et al. 2005).  Our top model 
configured natural survival to be constant across years with harvest probabilities that 
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varied by both year and age class (Table 5).  We were comfortable with this modeling of 
the harvest and survival processes, as hunter harvest was the leading cause of mortality 
during both our study as well as previous research on this population (Wilckens 2014).  
This should translate to relatively high survival rates during the non-harvest period, and 
the model estimated them at 89.3% across years and age-classes.  The similarity between 
years and age-classes seems plausible as well, because most of this mortality was 
attributed to the relatively random processes of vehicle collisions, illegal take, 
depredation, and natural causes.  The variability in harvest probabilities can be attributed 
to annual differences in hunting season structure, hunting season limits, true population 
abundance, weather, and true hunter effort.  Overall, harvest probabilities increased with 
age class and as population abundance declined.  As expected, individuals in the first age-
class had the lowest harvest probabilities, due to being dependent young and not available 
for legal harvest (NDGFD 2016).  The higher harvest probabilities estimated for subadult 
and adult mountain lions agreed with the overall survival documented in our study 
(~46%) and previously reported for this population (~42%; Wilckens 2014), mostly as a 
result of hunter harvest.  If such high levels of adult mortality continue, the population 
structure could shift towards younger individuals, undoubtedly hindering reproduction 
and potentially increasing human-mountain lion conflicts (Lambert et al. 2006, Robinson 
et al. 2008). 
 Another drawback of our model was the inability to differentiate between male 
and female individuals.  We documented female mountain lion annual survival rates 
substantially higher than males (58.9% vs 25.9%, respectively), and this certainly has 
implications for estimates of recruitment within the model.  However, at the time of 
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analysis, the POPRECON program we used to estimate our SPR likelihoods was unable 
to account for these types of differences.  Similarly, we were unable to successfully 
incorporate a random effects term within the harvest processes, due to program 
instability.  This was likely due to our limited sample sizes among years.  Incorporating 
sex-specific differences, as well as adding random effects in harvest vulnerability (Gast 
2012), would certainly lead to improved model performance and realism.  
Finally, SPR assumes the population being modeled is closed with regard to 
immigration and emigration.  Violating this assumption would likely lead to 
overestimation of population abundance.  If a harvested individual immigrated from a 
different source population, they would be falsely included in historical cohort abundance 
estimates.  Similarly, some individuals may emigrate out of the population before 
entering the 3+ age class, but would be erroneously included.  Both immigration and 
emigration of mountain lions has been documented in the North Dakota population 
(Juarez et al. 2016, Thompson and Jenks 2010, Wilckens 2014) but likely not at levels 
high enough to greatly influence our SPR abundance estimates.  
Our calculated average density of 1.20 total mountain lions/100 km2 falls near the 
bottom of the range of densities reported from other hunted populations across North 
America.  Studies in Montana, Wyoming, and Alberta have reported average densities as 
high as 6.70, 4.05, and 3.70 mountain lions/100 km2, respectively (Russel et al. 2012, 
Logan et al. 1986, Ross and Jalkotzy 1992).  Conversely, studies in Utah and the Pacific 
Northwest have reported average densities as low as 1.0 or 1.16 mountain lions/100 km2, 
respectively (Lindzey et al. 1994, Lambert et al. 2006).  Most other reported estimates of 
average mountain lion density fall between these upper and lower bounds (Logan and 
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Sweanor 2001, Cooley et al. 2011). The density of the nearby population of mountain 
lions in the Black Hills of South Dakota was estimated at 2.0 and 2.2 mountain lions/100 
km2 in 2012 and 2013, respectively (Juarez 2014).  It is critical to note that habitat and 
prey differences exist across the spatial extent we used to estimate average density, 
meaning the density of mountain lions will be higher in some areas, and lower in others.  
Additionally, habitat and prey differences undoubtedly exist among the studies conducted 
across North America, and estimates in those studies were derived using a variety of 
methodologies, making broad comparisons risky.  However, despite these limitations, it 
seems this population is below the density of most populations of mountain lions across 
North America, and likely below the threshold the area could support. 
MANAGEMENT IMPLICATIONS 
 Our work greatly improves the understanding of mountain lion population 
characteristics in North Dakota by building upon and expanding the first research 
conducted on this recently recolonized population (Wilckens 2014).  Our results also 
have the potential to positively influence management well beyond the borders of North 
Dakota, as mountain lions continue to expand eastward in the coming decades.  
Collectively, our results indicate the North Dakota Badlands region can support a 
relatively small population of mountain lions; but, the population has been on the decline 
for several years, primarily due to human-induced mortality.  A reduction in mortality, 
especially among adult females (Robinson et al. 2014), would allow the population to 
stabilize, and perhaps even increase.  Based on our survival analysis results, this may be 
accomplished through a reduction in annual hunter harvest.  However, a critical point is 
that although this population should be considered particularly at-risk of over-
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exploitation, we see no reason that it cannot remain a viable population while sustaining a 
conservative level of hunter harvest.  
 Future work should focus on refining and improving the SPR population model 
documented here, because as this SPR modeling technique evolves, the inputs must 
evolve with it.  Specifically, managers could work to improve estimates of annual hunter 
effort.  This may be in the form of more targeted surveys of mountain lion hunters, or 
perhaps a formula incorporating several important variables to estimate yearly hunter 
effort.  Variables could be weighted, and could include items such as annual hunting 
season quota, number of days with ideal snow conditions, timing of first snow, or the 
number of days the late-hunting season remains open.  Surrogate measures for 
opportunistic early-season mountain lion hunters and predator callers could be 
incorporated as well by using metrics such as the number of deer and elk tags issued in 
the Badlands hunting units.  Additionally, as development work continues on the 
POPRECON program, the incorporation of important sex-specific differences in survival 
and recruitment, as well as random harvest effects, into the model will soon be a reality.  
By taking advantage of these future improvements, managers could continually increase 
upon the accuracy of the population model.  In the meantime, management should focus 
on adjusting annual mortality to achieve and maintain a desired population level.  Given 
our results, managers in the state now have the information needed to make scientifically-
informed decisions regarding the management of this unique population.   
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Figure 1.  Our study area was located within the Little Missouri Badlands of western North 
Dakota, USA, from 2014–2016, and was entirely within mountain lion Management Zone 1 
(NDGFD 2016; inset map). 
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Table 1.  Mean Brownian bridge movement model home range size estimates (km2 ± 
standard errors) for resident adult mountain lions (Puma concolor) in the North Dakota 
Badlands, USA, 2012-2016. 
 Male Female 
Season 95% (km2) 50% (km2) 95% (km2) 50% (km2) 
Annual 
295.4  
(226.6‒364.3) 
n = 7 
66.7 
(48.1‒85.3) 
n = 7 
127.5 
(83.3‒171.7) 
n = 6 
28.7 
(19.8‒37.7) 
n = 6 
Winter 
222.8  
(189.2‒256.4) 
n = 6 
47.4  
(39.4‒55.3) 
n = 6 
99.6 
(52.9‒146.1) 
n = 6 
20.8 
(12.1‒29.5) 
n = 6 
Summer 
279.7  
(197.5‒361.9) 
n = 4 
74.7 
(52.4‒97.0) 
n = 4 
124.6 
(90.4‒158.8) 
n = 7 
25.3 
(18.3‒32.3) 
n = 7 
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Table 2.  The top five models for estimating mountain lion (Puma concolor) annual 
survival in the North Dakota Badlands, USA, 2012-2016. 
Model AICc ΔAICc 
AICc 
Weight 
Model 
Likelihood 
K Deviance 
Year + Sex + 
Late_season 
88.5336 0.0000 0.5571 1.0000 4 80.3676 
Sex + Late_season 90.4989 1.9653 0.2085 0.3743 3 84.3997 
Late_season 91.5460 3.0124 0.1235 0.2218 2 87.4966 
Year + Late_season 91.7828 3.2492 0.1097 0.1970 3 85.6836 
t (time-specific) 102.0063 13.4727 0.0006 0.0012 12 76.6720 
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Table 3. Cause-specific mortalities (n = 17) of marked mountain lions (Puma concolor) 
in the North Dakota Badlands, USA, 2012-2016. 
 Male Female 
Cause Adult Subadult Adult Subadult 
Hunter harvest 3 3 3 1 
Illegal harvest  1 1  
Depredation 2 1   
Vehicle collision 1  1  
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Table 4.  The statistical population reconstruction (SPR) model structures used to 
estimate mountain lion (Puma concolor) population abundance in North Dakota, USA, 
2005-2017. 
Model AICc ΔAICc Log Likelihood K 
MpyaS1 204.1518 0 -85.0759 17 
MpyS2 216.2298 12.078 -94.1149 14 
MpS3 216.7956 12.6438 -94.3978 14 
MpyaSa4 217.3412 13.1894 -88.6706 20 
MpySa5 230.2298 26.078 -98.1149 17 
MpSa6 230.9192 26.7674 -98.4596 17 
1Assumed natural survival was constant across years and age classes, and harvest 
probabilities varied by year and age class. 
2Assumed natural survival was constant across years and age classes, and harvest 
probabilities varied by year but not age class. 
3 Assumed both natural survival and harvest probabilities were constant over time and 
across age classes. 
4Assumed age- specific natural survival was constant across years, and age- and year-
specific harvest probabilities. 
5Assumed age-specific natural survival was constant across years, and harvest 
probabilities varied by year but not age class. 
6Assumed age-specific natural survival was constant across years, and harvest 
probabilities that were constant across years and age classes. 
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Table 5.  Year-specific harvest (P) and natural survival (S) probabilities estimated by the 
top model in our statistical population reconstruction (SPR) analysis.  Overall annual 
survival for each year and age-class can by calculated as (1-P)*S. 
Harvest Probabilities (P) 
Survival 
Probabilities (S) 
Year 
Age Class (years)  
0-1  1-2 2-3 3+ All Age Classes 
(Mar 1-Feb 
28) 
Mean S.E. Mean S.E. Mean S.E. Mean S.E. Mean S.E. 
2005-06 0.103 0.025 0.151 0.031 0.263 0.043 0.377 0.076 0.893 0.050 
2006-07 0.103 0.025 0.151 0.031 0.263 0.043 0.377 0.076 0.893 0.050 
2007-08 0.103 0.025 0.151 0.031 0.263 0.043 0.377 0.076 0.893 0.050 
2008-09 0.103 0.025 0.151 0.031 0.263 0.043 0.377 0.076 0.893 0.050 
2009-10 0.076 0.019 0.112 0.024 0.199 0.034 0.291 0.063 0.893 0.050 
2010-11 0.087 0.021 0.127 0.027 0.225 0.038 0.326 0.069 0.893 0.050 
2011-12 0.086 0.021 0.126 0.026 0.222 0.038 0.323 0.068 0.893 0.050 
2012-13 0.151 0.035 0.217 0.043 0.368 0.056 0.508 0.090 0.893 0.050 
2013-14 0.142 0.033 0.205 0.041 0.348 0.053 0.485 0.088 0.893 0.050 
2014-15 0.162 0.038 0.232 0.045 0.390 0.058 0.535 0.092 0.893 0.050 
2015-16 0.162 0.038 0.232 0.045 0.390 0.058 0.535 0.092 0.893 0.050 
2016-17 0.138 0.033 0.200 0.040 0.341 0.053 0.476 0.088 0.893 0.050 
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Table 6.  Annual estimates of mountain lion (Puma concolor) population abundance in 
North Dakota, USA, from 2005-2017, calculated using age-at-harvest data and statistical 
population reconstruction (SPR) methods (Gove et al. 2002, Skalski et al. 2005).  
Underlined estimates indicate unrealistic abundances of 0.0 due to a zero observed in the 
corresponding spot in the age-at-harvest matrix, resulting in a negative bias for the total 
abundance estimate for that year. 
 Age Class (years)    
Year 
(Mar 1 – Feb 
28) 
0-1 1-2 2-3 3+ 
SPR Total 
Annual 
Abundance 
Lower 
95% CI 
Upper 
95% CI 
2005-06 9.7 6.6 7.6 2.7 26.6 0.9 52.3 
2006-07 29.0 13.3 0.0 10.6 52.9 11.3 94.5 
2007-08 19.4 26.5 19.0 8.0 72.8 27.9 117.7 
2008-09 32.7 0.0 17.1 6.0 55.8 10.9 100.7 
2009-10 13.1 17.8 10.0 24.0 65.0 20.5 109.5 
2010-11 69.1 23.6 13.3 27.6 133.6 55.9 211.3 
2011-12 34.9 39.7 40.5 49.6 164.6 88.5 240.7 
2012-13 31.2 16.2 12.8 20.8 81.1 36.4 125.8 
2013-14 7.1 14.7 14.4 22.7 58.8 30.0 87.6 
2014-15 12.4 8.6 7.7 15.0 43.7 19.1 68.3 
2015-16 18.6 12.9 12.8 13.1 57.4 26.9 87.9 
2016-17 0.0 25.3 0.0 14.2 39.5 3.4 75.6 
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Figure 2.  Annual estimates of mountain lion (Puma concolor) population abundance and 
associated 95% confidence intervals in North Dakota, USA, from 2005-2017, calculated 
using age-at-harvest data and statistical population reconstruction (SPR) methods (Gove 
et al. 2002, Skalski et al. 2005).  
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Figure 3.  This map shows the area used to calculate annual and average mountain lion (Puma concolor) total population density 
estimates in western North Dakota.  Open water was excluded from the calculations.  The distribution of Zone 1 verified mountain 
lion reports and suitable mountain lion habitat are also shown (NDGFP 2016, Johnson 2017, Chapter 3). 
55 
 
Table 7.  Estimates of mountain lion (Puma concolor) density across in western North 
Dakota, USA, from 2005 to 2017.  Yearly density estimates were calculated using annual 
abundance estimates obtained from our statistical population reconstruction (SPR) model 
and the area of the state considered primary mountain lion range.  
Year 
(Mar 1-Feb 28) 
Yearly Abundance 
Density 
(# mountain lions/100km2) 
2005-06 26.6 0.45 
2006-07 52.9 0.89 
2007-08 72.8 1.23 
2008-09 55.8 0.94 
2009-10 65.0 1.10 
2010-11 133.6 2.26 
2011-12 164.6 2.78 
2012-13 81.1 1.37 
2013-14 58.8 0.99 
2014-15 43.7 0.74 
2015-16 57.4 0.97 
2016-17 39.5 0.67 
12-year average: 1.20 
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Figure 4.  Annual home ranges for the same adult female mountain lion (Puma concolor) 
and time period calculated using the Brownian bridge movement model (BBMM) and 
either eight or three locations per day.  Notice the smoothing effect due to the longer time 
interval between successive locations, resulting in a more complete home range and 
slightly increased estimates of home range size. 
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Figure 5.  Figure depicting annual estimates of total mountain lion (Puma concolor) 
population abundance from SPR population model along with the number of mortalities 
resulting from legal harvest and non-harvest (e.g., illegal harvest, vehicle collision, 
depredation) in North Dakota, USA between March 2005 – February 2017.  
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CHAPTER 3: MOUNTAIN LION (Puma concolor) RESOURCE 
SELECTION IN THE NORTH DAKOTA BADLANDS AND 
STATEWIDE HABITAT SUITABILITY 
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Mountain lion (Puma concolor) resource selection in the North Dakota Badlands 
and statewide habitat suitability 
 
ABSTRACT 
Mountain lions (Puma concolor) have significant ecological impacts on the 
ecosystems they inhabit, leading to both biological and social ramifications.  Yet, due to 
the relatively recent natural recolonization by mountain lions of the Little Missouri 
Badlands Region of western North Dakota, detailed data regarding many aspects of this 
population have been lacking.  Therefore, we studied mountain lions occupying the 
Badlands Region to improve our understanding of mountain lion resource selection, 
distribution, and carrying capacity of this population.  Specifically, our research 
objectives were to: 1) investigate individual and population-level resource selection 
patterns, 2) develop a population-level resource selection function (RSF) based upon 
mountain lion resource selection across the Badlands Region, 3) create a statewide 
habitat suitability map depicting the relative probability of mountain lion occurrence and 
compare it with previous models, and 4) estimate statewide carrying capacity for 
mountain lions based upon quantity of suitable habitat.  Between 2014 and 2016, we 
captured and marked nine mountain lions (3 M, 6 F) across the Badlands region.  We 
combined our data with data collected from 11 mountain lions (5 M, 6 F) marked during 
previous research (Wilckens 2014).   Mountain lions exhibited varying individual 
responses to habitat components, yet population-level patterns emerged.  Mountain lions 
showed strong positive selection for landscape ruggedness, edge habitat, and forest, while 
displaying negative responses to disturbance and anthropogenic landcovers.  Our habitat 
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suitability map indicated 3,969 km2 of suitable habitat in North Dakota, approximately 
60% of which occurred within the Badlands and Missouri River Breaks regions.  Our 
model validated well, and produced a carrying capacity estimate of 38 to 61 (range = 11–
88) resident adult mountain lions, based upon published population densities and quantity 
of suitable habitat in North Dakota.  Managers in North Dakota now have the information 
needed to make scientifically-informed decisions regarding the current and future 
management of this top-level predator. 
INTRODUCTION 
 Understanding the resources an animal needs and the habitats to which they are 
contained is fundamental to sound wildlife science and management (Kertson and 
Marzluff 2010, Northrup et al. 2013).  With habitat loss frequently cited as a primary 
cause of biodiversity decline, understanding the relationships between animals and these 
resources is perhaps more important than in the past (Mayor et al. 2009).  For wildlife 
species, resources can be defined as the physical and biological features that comprise the 
habitats in which they occur (Morrison 2002).  Within these habitats, animals employ a 
variety of behavioral strategies of resource selection to maximize their fitness and 
population persistence (Mayor et al. 2009, Northrup et al. 2013).  Therefore, resource 
selection has a strong influence on population regulation, species interactions, community 
assemblage, and biodiversity (Morris 2003).  
 The habitat requirements of mountain lions (Puma concolor) have been widely 
studied and described over the last several decades (Cox et al. 2006, Dickson and Beier 
2002, Fecske 2003, Fecske et al. 2011, Holmes and Laundré 2002, Hornocker 1970, 
Jalkotzy et al. 1999, Logan and Irwin 1985, Riley and Malecki 2001, Seidensticker 
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1973).  More recently, technological advancements (i.e., GPS collars, GIS data) have 
allowed detailed analyses of resource selection (Fieberg et al. 2010, Kertson and Marzluff 
2010).  Resource selection functions, defined as any function that yields values that are 
proportional to the probability of use by an organism (Manly et al. 2002, Johnson et al. 
2006), have been used to describe resource selection by mountain lions and have 
provided a deeper understanding of the relationship between mountain lions and their 
environment (Holmes and Laundré 2006, Chetkiewicz and Boyce 2009, Elbroch et al. 
2013, Knopff et al. 2014, Robinson et al. 2015, Blake and Gese 2016).  Resource 
selection functions (RSFs) can take on many forms, but often they employ binomial 
generalized linear models (GLMs), typically logistic regression, fitted to animal presence 
and random, “available” point data (Boyce et al. 2002, Manly et al. 2002).   
Resource selection functions can be used with geographic information systems 
(GIS) to produce species-specific and spatially explicit maps reflecting the relative 
probabilities of use of habitats across a landscape (based upon the habitat characteristics 
present at each site across that landscape; Boyce et al. 2002, Manly et al. 2002).  
Regarding mountain lion management, habitat suitability models have been used to 
identify potential dispersal corridors (LaRue and Nielsen 2008, Chetkiewicz and Boyce 
2009), predict suitable habitat across the Midwest (LaRue and Nielsen 2011) and the 
Upper Great Lakes (O’Neil et al. 2014) regions of North America, estimate landscape 
permeability (Gray et al. 2016), map seasonal hunting quality of landscapes (Elbroch et 
al. 2013), and predict the effects of various hunting regulations (Robinson et al. 2015).  
Additionally, habitat suitability models have been used to estimate population carrying 
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capacity based upon density, home range size and overlap, and the quantity of high-
quality habitats (Fecske 2003, NDGFD 2006). 
Due to the relatively recent recolonization of the Little Missouri Badlands region 
of western North Dakota by mountain lions, detailed data regarding resource selection of 
this population have been lacking.  Furthermore, identifying suitable habitat is 
fundamental for defining breeding populations of mountain lions (CMGWG 2005) and 
the state’s recent and current management objectives have been developed based on 
managing the mountain lion population in designated suitable habitat (Mountain Lion 
Management Zone 1, hereafter Zone 1) that is sustainable and tolerated by the public, and 
by limiting mountain lion activity outside of suitable habitat (Mountain Lion 
Management Zone 2, hereafter Zone 2; NDGFD 2006).  This initial designation of 
suitable habitat (Figure 1) was made in a GIS (ArcMap 9.0; Esri Inc., Redlands, 
California, USA) using published habitat requirements.  The model incorporated three 
landscape-level characteristics considered important to mountain lions: 
concealment/stalking cover (trees and shrubs), concealment/stalking topography (slopes), 
and travel (riparian) habitat (Table 1 in NDGFD 2006).  Due to limited presence 
information for mountain lions in North Dakota at that time, the model was not validated 
(NDGFD 2006).  Additionally, information collected on mountain lion occurrence since 
2006 has indicated that mountain lions are likely only inhabiting a portion of the 
previously designated suitable habitat. 
We studied mountain lions occupying the Badlands Region of North Dakota to 
improve our understanding of population-specific resource selection patterns, and to 
evaluate the previous designation of suitable habitat within the state.  Specifically, our 
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research objectives were to: 1) investigate individual and population-level resource 
selection patterns, 2) develop a population-level RSF based on mountain lion resource 
selection across the Badlands Region, 3) create a statewide habitat suitability map 
depicting the relative probability of mountain lion occurrence and compare it with 
previous maps, and 4) estimate statewide carrying capacity for mountain lions based 
upon quantity of suitable habitat. 
METHODS 
STUDY AREA 
Our study area covered approximately 2,800 km2, primarily within Billings, 
Dunn, and McKenzie counties, North Dakota, USA (Figure 2).  Much of the study area 
was comprised of the Little Missouri Badlands Region (Badlands), but also included the 
Killdeer Mountains.  The Badlands are a 6,322 km2 region in western North Dakota 
characterized by a highly variable landscape of clay slopes, steep canyons, buttes, and 
bottomlands carved by the Little Missouri River (Hagen et al. 2005).  Elevation ranged 
from 570 m to 710 m above mean sea level (Hagen et al. 2005).  The Badlands were 
vegetated, primarily on north and east facing slopes, with stands of Rocky Mountain 
juniper (Juniperus scopulorum) and green ash (Fraxinus pennsylvanica); riparian areas 
generally contained stands of cottonwood (Populus deltoides).  Shortgrass prairie was 
dominant on southern and western slopes, plateaus, and bottomlands (Hagen et al. 2005).  
Ephemeral and intermittent streams were common in valleys; natural wetlands were rare, 
but manmade water impoundments were relatively common (Hagen et al. 2005).  East of 
and adjacent to the Badlands are the Killdeer Mountains, a 60 km2 elevated region rising 
213–305 m above the surrounding prairie, to a maximum elevation of 1,010 m above 
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mean sea level (Hagen et al. 2005).  The Killdeer Mountains were vegetated by 
deciduous woodlands of burr oak (Quercus macrocarpa), quaking aspen (Populus 
tremuloides), green ash, paper birch (Betula papyrifera), western black birch (Betula 
nigra), and American elm (Ulmus americana) interspersed with open areas of shortgrass 
prairie and some rocky escarpments (Hagen et al. 2005).  Our study area was of a mixture 
of public (56%) and private land (44%); public lands included the Little Missouri 
National Grasslands, Bureau of Land Management properties, North Dakota State Trust 
lands, Theodore Roosevelt National Park, and the North Dakota Game and Fish 
Department Killdeer Mountain Wildlife Management Area.    
North Dakota has a continental climate characterized by large variation in 
temperature, both seasonally and daily (Hagen et al. 2005).  Thirty-year climate data from 
a weather collection site located centrally in the study area (Grassy Butte, North Dakota) 
indicated that annual precipitation averaged 16.2 cm and average monthly temperatures 
ranged from a low of   -9.2° C in January to a high of 20.8° C in July (National Centers 
for Environmental Information 2013).  Cattle grazing was the most common land use 
across the Badlands; however, oil and gas development increased dramatically in recent 
years (Hagen et al. 2005).  Oil pads and associated roads and traffic were common 
throughout the study area.  
Primary prey available to mountain lions throughout the region included mule 
deer (Odocoileus hemionus), white-tailed deer (O. virginianus), elk (Cervus elaphus), 
bighorn sheep (Ovis canadensis) and pronghorn (Antilocapra americana).  Secondary 
prey included porcupine (Erethizon dorsatum), beaver (Castor canadensis), turkey 
(Meleagris gallopavo), raccoon (Procyon lotor) and several species of rodents and 
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lagomorphs.  Domestic livestock (e.g., cattle, horses, goats) were present across the 
region as well (Wilckens et al. 2016).  
Mountain lions were classified as a furbearer in North Dakota with a regulated 
hunting season (September through March).  The state was separated into two 
management zones (Zone 1 and Zone 2) with a season harvest limit in place for Zone 1 
while Zone 2 was deemed ‘unsuitable habitat’ and therefore, had no season harvest limit.  
The study area was within the boundaries of mountain lion management Zone 1 (NDGFD 
2016).  
CAPTURE AND MONITORING 
 We established bait sites in areas of mountain lion activity using vehicle-killed 
white-tailed and mule deer, but also beaver and moose (Alces americanus) when 
available.  Baits were cabled to the base of a tree in an area suitable for future trapping.  
Additionally, we used several commercial trapping lures (e.g., bobcat lure, skunk 
essence, mountain lion urine), electronic callers (trap bait digital caller, Lucky Duck™ 
Premium Decoys, Baldwin, Wisconsin, USA; FurFindR™, Wasatch Wildlife Products, 
Magna, Utah, USA), and visual attractants (e.g., feathers, CDs) to increase the potential 
for visitation at our bait sites.  Bait site activity was monitored with trail cameras 
(Extreme HD 40, Covert Scouting Cameras, Inc., Lewisburg, Kentucky, USA) and 
typically checked by personnel every 2–4 days.  Once a mountain lion visited a site and 
we determined it was likely to return, we set traps at that location.  
 We live-captured mountain lions using foothold traps (#7 or #8 offset with teeth, 
Livestock Protection Company, Alpine, Texas, USA) cabled to the base of a tree (Logan 
et al. 1999, Wilckens 2014, Wilckens et al. 2016).  The traps were equipped with a 
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minimum of three swivel points and a single, heavy-duty inline shock spring to reduce 
the chance of injury to the captured mountain lion.  In addition, we cleared all brush 
within a three-meter radius around the anchor tree, including all branches up to two 
meters high on the anchor tree, to maximize animal safety.  To help avoid non-target 
captures, we increased the trap pan tension so that it took a considerable amount of 
pressure to fire the trap.  All set traps were continuously monitored via personnel or 
satellite trap transmitters (TT3 Trap Transmitter, Vectronic Aerospace, Berlin, Germany, 
EU; Johnson et al. 2017), allowing for immediate capture notification and swift removal 
and processing of captured mountain lions.  
We chemically immobilized captured mountain lions using a mixture of 
tiletamine and zolazepam (Telazol; 5.0 mg/kg) and xylazine (Anased; 1 mg/kg) 
administered intramuscularly using a loaded dart projected from a pneumatic rifle (Dan-
Inject, Børkop, Denmark, EU; Kreeger and Arnemo 2007).  Once immobilized, we 
weighed, measured, determined sex, and estimated age based on tooth wear and pelage 
characteristics (Anderson and Lindzey 2000) of captured mountain lions.  If time 
allowed, we extracted an upper premolar tooth for cementum analysis to confirm 
estimated age (Matson’s Laboratory LLC, Manhattan, Montana, USA).  Subadult 
(dispersal until 3 yrs) and adult (>3 yrs) mountain lions were ear-tagged and fitted with 
real-time GPS collars (G2110E, Advanced Telemetry Systems, Isanti, Minnesota, USA) 
while kittens (dependent on mother) were ear-tagged.  Deployed collars were 
programmed to attempt a GPS fix for 180 seconds at three scheduled times daily (04:00, 
12:00, 22:00).  Coordinates were transmitted via satellite every sixth day to an automated 
email system.  Collars were programmed with a 10-hour mortality signal.  Throughout 
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handling, we monitored temperature, pulse, and respiration of captured animals at regular 
intervals.  With handling complete, we used yohimbine (Yobine; 0.125 mg/kg) to reverse 
the effects of xylazine (Kreeger and Arnemo 2007).  Finally, we observed the animal’s 
recovery from a safe distance.  Animal handling methods used in this project followed 
guidelines approved by the American Society of Mammalogists (Sikes et al. 2016) and 
were approved by the Institutional Animal Care and Use Committee at South Dakota 
State University (Approval number 14-094A). 
MODEL DEVELOPMENT 
Landscape Variables 
We selected eight landscape variables (aspect, landcover, anthropogenic 
disturbance, landscape ruggedness, elevation, slope, distance to edge, and distance to 
water) as potentially important predictors of mountain lion resource selection. Selection 
of variables was based upon field knowledge of variables biologically meaningful to 
mountain lions as well as previous research.  Mountain lions have been shown to exhibit 
seasonal responses to aspect, by using south and west-facing slopes more than north or 
east-facing slopes during winter; they use them equal to their availability during the 
summer (Elbroch et al. 2013, Knopff et al. 2014).  Landcover was included because 
vegetative cover, primarily forest, is generally considered one of the limiting factors of 
mountain lion habitat because it permits stalking, feeding, movement, and resting 
activities (Hornocker 1970, Seidensticker et al. 1973).  Human-dominated and 
anthropogenically disturbed landscapes are typically negatively correlated with mountain 
lion habitat suitability (Dickson and Beier 2002, Dickson et al. 2013, LaRue and Nielsen 
2008).  Rugged and complex terrain increases prey vulnerability, facilitating mountain 
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lion predation and therefore, is positively associated with mountain lions (Chetkiewicz 
and Boyce 2009, Dickson et al. 2013, Elbroch and Wittmer 2012, Kunkel et al. 2013, 
Logan and Irwin 1985, Riley and Malecki 2001).  Elevation has been shown to influence 
mountain lion resource selection, with lower elevations being used more than higher 
elevations (Jalkotzy et al. 1999).  Even though our study area varied in elevation by only 
a few hundred meters, we included it in our analysis because the elevation data we 
acquired was measured at a scale we thought fine enough to capture any important 
responses to elevation if they were occurring.  High slope values have historically been 
considered an important characteristic of quality mountain lion habitat, so we included 
slope in our analysis (Elbroch et al 2013, LaRue and Nielsen 2011).  Finally, edge and 
riparian habitat were included in our evaluation due to their importance in stalking, 
hunting, travel activities (Dickson and Beier 2002, Elbroch et al. 2013, Holmes and 
Laundré 2006, Laundré and Loxterman 2007).  All habitat variables were created, 
manipulated, and analyzed in ArcMap 10.3 (Esri Inc., Redlands, California, USA).   
   We used the Spatial Analyst extension and data from the National Elevation 
Dataset (NED), downloaded at 30-m resolution from the U.S. Department of Agriculture 
(USDA) Geospatial Data Gateway (https://gdg.sc.egov.usda.gov/) to calculate aspect 
values (in degrees) for each raster cell.  We reclassified aspect values to one of four 
directional categories (north = 315°–45°, east = 45°–135°, south = 135°–225°, west = 
225°–315°).   
Landcover data were derived from the 2011 National Landcover Database 
(NLCD), downloaded at 30-m resolution.  We reclassified the original 16 NLCD 
landcover classes into eight classes based on similarity of land cover types.  Our 
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aggregated land cover classes included: 1) open water (NLCD class 11), 2) developed 
land (NLCD classes 21, 22, 23, 24), 3) barren lands (NLCD class 31), 4) cultivated fields 
(NLCD class 82), 5) hay fields (NLCD class 81), 6) grasslands (NLCD class 71), 7) 
herbaceous wetlands (NLCD class 95), and 8) forested (NLCD classes 41, 42, 43, 52, 
90).   
We quantified anthropogenic disturbance using spatial energy development data 
(e.g., oil wells, saltwater disposals) from the North Dakota Department of Mineral 
Resources website (https://www.dmr.nd.gov/oilgas/) and road data (U.S. Census Bureau 
TIGER Roads 2016) from the North Dakota GIS hub 
(https://apps.nd.gov/hubdataportal/srv/en/main.home).  Road data included both primary 
and secondary roads, and captured the complex network of oil roads throughout our study 
area better than other road data we evaluated (we did not have a measure of traffic, but 
most energy sites were visited at least once a day, and many arterial roads were used 
regularly both day and night).  After removing abandoned and reclaimed sites from the 
energy development data, we reclassified both variables into a raster layer, and then used 
the Focal Statistics tool to run a moving window analysis.  This tool summed up all the 
road and energy pixels within a 1-km2 square centered around each cell, and added that 
value to the focal cell.  We did not include human density in our disturbance variable, 
because such data were lacking in the Badlands; nevertheless, density was low overall.   
We derived a vector ruggedness measure (VRM) following the procedures 
outlined by Sappington et al. (2007).  The VRM is far less correlated with slope than 
other measures of terrain ruggedness, making it a favorable option (Sappington et al. 
2007).  To calculate VRM, we downloaded a relevant portion of the NED at 30-m 
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resolution from the USDA Geospatial Data Gateway as well as the VRM tool script 
(http://codesharing.arcgis.com/).  We used the minimum neighborhood size of 9 cells 
(i.e., 3 x 3 cells; 8,100 m2) to minimize smoothing effect and capture the topographic 
complexity at the finest scale possible.  The resulting layer ranked the magnitude of 
landscape ruggedness surrounding each pixel on a scale from 0 (flat) to 1 (most rugged). 
 We quantified elevation using 1-m elevation data from the NED downloaded at 
30-m resolution from the USDA Geospatial Data Gateway.  Similarly, we used the 
Spatial Analyst extension and 1-m elevation data from the NED, downloaded at 30-m 
resolution from the U.S. Department of Agriculture Geospatial Data Gateway, to 
calculate slope values (in degrees) for each raster cell. 
We used the Spatial Analyst extension to convert our forest landcover raster data 
to a polygon layer, and then created a layer of edge defined as the boundaries of the forest 
polygons.  Finally, we used stream data (National Hydrography Dataset) downloaded 
from the North Dakota GIS hub to represent riparian habitat.  This stream data included 
both perennial and intermittent streams.  
Resource Selection Function Development 
 To model mountain lion resource selection in our study area, we used RSFs of the 
exponential form (w(x) = exp(β1x1 + β2x2 + … + βpxp), where w(x) is the RSF, xi are the 
predictor variables, and βi are the corresponding coefficients) in a use-availability 
framework (Manly et al. 2002).  To account for variation in habitat selection patterns 
among individual animals, we employed a 2-stage modeling approach (Fieberg et al. 
2010).  In this approach, RSFs are estimated for each individual at the home range scale 
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(Design III analysis, Manly et al. 2002), and model selection techniques are used to select 
a model that best reflects the individual’s resource selection patterns.  Beta coefficients 
from all top models can then be averaged among individuals to produce a single 
population-level RSF, reflecting a Design II analysis (Manly et al. 2002, Fieberg et al. 
2010).  In this way, variation in resource selection patterns at the individual level can be 
evaluated, and used to make inferences about variability at the individual and population 
level (Fieberg et al. 2010).   
  For model development, our response variable was whether the location was a 
used location collected from a collared mountain lion (1), or a randomly generated 
available location (0).  Following the Design III approach (Manly et al. 2002), we 
calculated 100% minimum convex polygon (MCP) home ranges for resident, adult 
mountain lions (n = 13) using the ‘adehabitat’ package (Calenge 2006) in Program R (R 
Development Core Team, 2016).  Next, to reduce potential bias associated with our bait 
sites, we removed all locations within a 300-m buffer around baited sites (n = 1,502).  We 
evaluated several options to address serial autocorrelation within our sequentially 
recorded locations.  One option was to rarefy data, by removing data points until all were 
separated by some specified amount of time; however, there is no known time interval at 
which telemetry locations become independent of one another (Koper and Manseau 
2012).  Further, this procedure can lead to unacceptable loss of data (Fieberg et al. 2010) 
and the loss of rare yet used resources (Koper and Manseau 2012).  Instead, we chose to 
include all locations from each individual and follow the advice of Fieberg et al. (2010) 
and Sawyer et al. (2006), who indicated that even if locations within individuals were 
autocorrelated, employing the two-stage approach described above will produce unbiased 
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estimators of β, assuming individuals were independent.  To account for possible 
seasonal responses in resource selection, we stratified the locations into either 
summer (May 15 – November 14) or winter (November 15 – May 14) seasons 
(Jalkotzy et al. 1999).  We did not look for differences in resource selection between 
years due to insufficient annual sample size of collared mountain lions.  However, 
we made the assumption that the resources available on the landscape changed 
negligibly during the course of the study.  
 Defining available resources is a critically important step in estimating any 
RSF (Manly et al. 2002, Northrup et al. 2013).  Because the size of the availability 
sample can greatly influence model β coefficients, we conducted a sensitivity 
analysis to see how differing ratios of used to available locations would influence an 
individual’s β coefficient estimates (Manly et al. 2002, Northrup et al. 2013).  We 
observed that individual β coefficient estimates from our  global model seemed most 
stable when the used to available ratio was approximately 1:8, with uncertainty 
maintained or sometimes increasing at higher ratios.  At lower ratios, we observed β 
coefficient estimates failing to converge more frequently, wider confidence 
intervals, and rare resources missed more often.  This finding agreed with that of 
Northrup et al. (2013), who found that several thousand available locations are often 
needed for consistent β coefficient estimates.  Therefore, we generated our sample 
of random (available) points within 100% MCP home ranges using the random point 
generator in ArcMap 10.3 such that the ratio of used to available points would be 
1:8 for the given individual and season.  
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We used the Extract Values to Points tool in ArcMap 10.3 to extract habitat 
characteristics for all locations; similarly, the Near tool was used to calculate the 
shortest Euclidean distance to edge and water for all locations.  We developed a 
series of a priori models representing hypotheses describing the driving factors of 
mountain lion resource selection across our study area (Burnham and Anderson 
2002; Table 1).  These models were based upon previously described resource 
selection patterns, as well as observations made during the study.  Because the 
continuous predictor variables were measured on different scales, we standardized 
the data by performing a z-transformation of each predictor variable, so that each 
had a mean of 0 and standard deviation of 1.  Predictor variables were tested for 
collinearity at the home range scale using Spearman’s rank correlation coefficients; 
any two variables with a correlation coefficient exceeding 0.6 were considered 
correlated, and only one of the two variables were included in the same model.  Our 
tests indicated only slope and VRM were considered correlated (mean Rho = 0.66).  
The VRM captures landscape ruggedness and complexity better than slope alone 
(Sappington et al. 2007), so we removed the slope variable from any model that 
included VRM.  We estimated RSF coefficients using generalized linear models in 
Program R (R Development Core Team 2016).  We ran all models for each individual 
and each season, and ranked them using the small sample size correction for 
Akaike’s Information Criterion (Burnham and Anderson 2002).  We recorded β 
coefficient estimates and their accompanying 95% confidence intervals from each 
individual’s top model within each season.  We used differences in β coefficient 
estimates among individuals and between seasons to investigate individual variation 
74 
 
and seasonal responses.  Finally, we averaged β coefficient estimates across 
individuals within each season to produce a population-level RSF for each season, 
and then averaged the two seasonal RSFs to produce a final, population-level RSF 
for use in creating the statewide habitat suitability map. 
Habitat Suitability Map 
We used the population-level RSF to inform our statewide habitat suitability 
map.  We applied a z-transformation to each original continuous covariate landscape 
layer so that the β coefficient estimates produced from the population-level RSF 
were standardized.  Then, using the Raster Calculator tool in ArcMap 10.3, we 
multiplied each covariate layer by the respective β coefficient estimate.  Next, we 
reclassified our categorical covariate layers to match the RSF β coefficient 
estimates. We then used the Plus tool to add all β coefficient estimate raster layers 
together.  The resulting raster contained the relative probabili ties of mountain lion 
use stored in each pixel, based upon its particular habitat characteristics.  Because 
we used z-transformed variables, the scale of probabilities was centered on 0, such 
that the farther a pixel’s value was above zero, the higher the relative probability o f 
use by a mountain lion; the farther negative a pixel’s value, the less the relative 
probability of use by a mountain lion.  To produce the final habitat suitability map, 
we reclassified the data using the Raster Calculator tool so that the values ranged 
from -100 to 100, and then classified the pixel values into ranks based on the overall 
distribution of pixel values (Figure 3).  We considered the upper tail of the map 
probability distribution to be excellent quality habitat, while the lower tail 
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represented highly unsuitable habitat.  Finally, we defined suitable habitat as any 
habitat classified as good or excellent quality habitat. 
Model Validation 
Validation is a critical part of the RSF modeling process, especially when 
using the RSF to produce maps and make spatial predictions (Boyce et al. 2002, 
Johnson et al. 2006, Koper and Manseau 2012).  Assessing the map’s predictive 
accuracy is perhaps even more important in our case, as we used a RSF estimated in 
one region to make inferences across the entire state.  As such, we assessed 
performance by using both within-sample and out-of-sample validation to evaluate 
model performance (Fielding and Bell 1997).  To evaluate model performance, we 
reclassified the habitat suitability map into ten bins of equal area, with higher bins 
representing higher suitability, and then projected both the within-sample and out-
of-sample datasets onto the binned map and recorded scores.  Predictive ability was 
measured using Spearman’s Rank Correlation between the frequency of locations 
and respective bin rank (Boyce et al. 2002, Johnson et al. 2006, Robinson et al. 
2015). 
The within-sample data were the locations from the 11 resident adult 
mountain lions used to train the models; the out-of-sample data consisted of the 
locations of two resident adult mountain lions withheld from model training along 
with five subadult mountain lions.  All within-sample locations were obtained in 
Zone 1 (NDGFD 2016).  Furthermore, because we wished to assess our model 
where no telemetry data had been collected, we used a list of veri fied mountain lion 
locations (i.e., sign, photos, carcasses) from outside of the study area (i.e., Zone 2; 
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NDGFP 2016) as a secondary out-of-sample dataset (Robinson et al. 2015).  
Unfortunately, this location data was only accurate to the midpoint of the section or 
quarter section in which the report occurred. Therefore, caution must be exercised 
with this data; nevertheless, we considered it useful because it provided the best 
possible assessment of mountain lion activity where telemetry data did not exis t.  
To compare the previous habitat suitability map (NDGFD 2006) with our 
habitat suitability map, we overlaid all locations from all individuals onto each map 
and separately recorded habitat category scores.  We generated comparisons by 
investigating whether the higher proportions of locations occurred in the more 
suitable habitat categories.   
ECOLOGICAL CARRYING CAPACITY 
To estimate the potential ecological carrying capacity of resident adult mountain 
lions in North Dakota, we used the same method as was used with the previous habitat 
suitability map (NDGFD 2006).  We derived estimates of the minimum and maximum 
number of resident adult mountain lions using published estimates of minimum and 
maximum densities of resident adult mountain lions from populations across six other 
states (Table 10-7; Logan and Sweanor 2001) along with the total amount of suitable 
habitat located within the Badlands and Missouri River Breaks regions predicted by our 
habitat suitability map. 
RESULTS 
 Between 2014 and 2016, we live-captured and collared seven mountain lions, four 
of which were resident adults (1 M, 3 F) while three were classed as dispersing subadults 
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(1 M, 2 F).  One subadult female transitioned to an adult during the study, and because of 
high home range fidelity across the two years, we considered her a resident adult in our 
analyses.  Additionally, we incorporated data from 11 mountain lions (5 M, 6 F) captured 
and collared for previous research (Wilckens 2014).  In total, 18,371 locations from 11 
adults (5 M, 6 F) were used in RSF creation, while 1,624 locations from two adults (1 M, 
1 F), 4,798 locations from five subadults (3 M, 2 F), and 68 verified locations from Zone 
2 were used in model validation.  Overall fix success rate was 80.8% (range = 68.5%–
96.5%). 
 We generated RSFs for the summer season from five male and six female 
mountain lions, and we generated RSFs for the winter season from four male and six 
female individuals.  Across sexes and seasons, the global model (all variables except 
slope) was frequently ranked as the top model based on AIC weights, although two other 
models did occur as the top model for a particular individual or season (Expert2, Knopff; 
Table 1).  All models consistently predicted mountain lion habitat use greater than the 
null model, indicating that resource selection at the within-home range scale was 
selective and not random.  
 We found considerable variation in strength and type of response to model 
parameters among individual mountain lions, although some general patterns of resource 
selection did emerge.  The strongest and most consistent responses across seasons and 
sexes were selection for habitats near edge (β = -0.39), with high ruggedness values (β = 
0.32), and low disturbance values (β = -0.39).  Responses to the elevation and distance to 
water variables were mixed, with individuals often showing either a positive or negative 
response to one or both variables, but when averaged among individuals, the β coefficient 
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values approached zero (β = -0.04, β = -0.01, respectively).  We did, however, observe a 
slight seasonal response in the distance to water variable, with the coefficient sign 
changing from negative in summer (β = -0.05) to positive (β = 0.04) in winter (Table 2).   
Regarding our categorical variables, mountain lions typically selected for 
landcover of forest (β = 7.07), grass (β = 6.26), or barren (β = 5.16), while generally 
avoiding developed (β = -6.60), hay (β = -6.66), crop (β = -1.29), and herbaceous wetland 
(β = -5.30) (Table 2).  However, landcover β coefficient estimates for individual 
mountain lions varied greatly and the estimates were often unrealistically high or low, 
capable of masking the effects of other variables.  Therefore, we used landcover β 
coefficient values obtained from our global model on all individuals and both seasons to 
inform our habitat suitability map (i.e., Design II analysis; Manly et al. 2002).  These β 
coefficient estimates were more in line with other variables, and the general pattern 
remained consistent (Table 3).  Finally, mountain lions showed a general selection for the 
reference category of north aspects (south β = -0.04, east β = -0.31, west β = -0.24).  
However, we observed a distinct seasonal response to aspect by mountain lions.  During 
the summer season, we observed no significant positive responses (β coefficient estimate 
95% confidence interval overlaps 0) for south, east, or west facing slopes for males or 
females.  Conversely, during the winter season several mountain lions exhibited selection 
for or lessened avoidance of south, east, and west facing slopes (Tables 4, 6).  This 
response was more pronounced among female mountain lions.   
The initial habitat suitability map produced relative probabilities of use by 
mountain lions ranging from -9.7823 to 12.4169.  After applying the data reclassification, 
pixels were assigned an integer value between 1 and 5, corresponding to, in order, highly 
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unsuitable, unsuitable, moderate-low quality, good quality, or excellent quality habitat.  
Open water pixels were evaluated separately throughout the process, and assigned a value 
of 0.  There was a general trend of decreasing habitat suitability from west to east, with 
the vast majority of the areas considered good and excellent quality habitat located within 
the Little Missouri Badlands and Missouri Breaks ecoregions of North Dakota (Figure 4).  
These ecoregions occur primarily within McKenzie, Dunn, Billings, Golden Valley, and 
Slope counties, including large portions of Fort Berthold Reservation.  Also included 
were southern portions of Williams, Mountrail, and McLean counties, along with 
northern Mercer County.  Other areas of the state containing relatively contiguous tracts 
of suitable habitat for mountain lions include the Turtle Mountains region of Bottineau 
and Rolette counties, and the Pembina Gorge region of Cavalier, Pembina, and Walsh 
counties (Figures 4, 8).  In total, there was an estimated 328 km2 of habitat considered 
excellent quality and 6,219 km2 of habitat considered good quality, combined 
representing approximately 3.57% of the total land area in the state (Table 7).  
The results of both the within-sample and out-of-sample validations indicate a 
well-fitting model.  We found strong positive correlations between frequency of locations 
and bin rank for the Zone 1 in-sample validation, Zone 1 out-of-sample validation, and 
the Zone 2 out-of-sample validation (Rho = 1.0, 1.0, 0.77, respectively; Figures 5, 6, 7).  
The habitat suitability map comparison analysis indicated our map classified 
higher proportions of locations in both the good (0.67 vs. 0.33) and excellent (0.19 vs. 
0.14) quality habitat categories than did the previous habitat suitability map of North 
Dakota (NDGFD 2006).  Similarly, our map had fewer locations classified within the 
unsuitable (<0.01 vs. 0.14) and moderate-low (0.12 vs. 0.37) quality categories.  Open 
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water and highly unsuitable proportions (both <0.01) were similar between maps (Figure 
7). 
Minimum density estimates used to estimate ecological carrying capacity 
averaged 0.98 resident adult mountain lions/100 km2 (range = 0.3 – 1.5 resident 
adults/100 km2) while maximum density estimates averaged 1.53 resident adult mountain 
lions/100 km2 (range = 0.6 – 2.2 resident adults/100 km2).  The quantity of habitat 
considered good and excellent quality within the Badlands and Missouri River Breaks 
regions of North Dakota and used to estimate ecological carrying capacity was 3,968 
km2. Within this area, minimum ecological carrying capacity averaged 38 resident adult 
mountain lions (range = 11 – 59 resident adult mountain lions) while maximum 
ecological carrying capacity averaged 61 resident adult mountain lions (range = 24 – 88 
resident adult mountain lions). 
DISCUSSION 
Our work is the most in-depth assessment of resource selection by mountain lions 
in North Dakota conducted to date. Additionally, the previous attempt at identifying 
suitable habitat in the state (NDGFD 2006) was solely based upon published literature 
and thus, was not validated at that time.  Therefore, our map of suitable habitat represents 
a marked improvement in understanding the distribution and carrying capacity for 
mountain lions in North Dakota.  Moreover, our work may have consequences beyond 
the borders of North Dakota, as this research represents a novel investigation into 
mountain lion utilization of resources in an environment atypical to other studied 
populations.  Research conducted on populations residing in the more “traditional” 
mountain lion habitats in western North America may be less applicable to potential 
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future populations farther east.  Therefore, as mountain lions continue to expand their 
distribution eastward into landscapes dominated by prairies, agriculture, and forests, the 
results from our research may be paramount to managers preparing to manage this 
species. 
RESOURCE SELECTION BY SEASON, SEX, AND INDIVIDUAL 
Our results indicated little difference in resource selection between seasons, with 
aspect and distance to water variables being exceptions.  We observed an interesting 
seasonal response to the aspect landscape variable, particularly among females.  
Specifically, we saw avoidance of south, east, and west aspects by mountain lions during 
the summer season.  Then, during the winter season, several female mountain lions 
selected for south, east, and west aspect categories.  Male responses to aspect, however, 
were more varied; male mountain lions generally favored north facing aspects during 
summer and winter.  This seasonal response to aspect has been documented in mountain 
lions, with mountain lions exhibiting seasonal prey selection and kill rates (Knopff et al. 
2010) or habitat use (Blake and Gese 2016, Elbroch et al. 2013). This habitat selection 
generally is related to differences in thermal properties of and ungulate availability 
between north and south facing slopes during the year (Knopff et al. 2014, Elbroch et al. 
2013).  However, we did not anticipate a high amount of seasonal variation in our study 
area because mountain lions and their prey are non-migratory in the Badlands (Dickson 
and Beier 2002, Wilckens 2014).   
Similar to aspect, we saw a slight seasonal response to our distance to water 
variable.  Several mountain lions in our study switched from negative responses in 
summer (i.e., areas farther from water were less attractive) to positive or nonsignificant 
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responses in winter.  Additionally, the combined-sex β coefficient value was negative in 
summer and positive in winter, although not statistically significant.  This finding likely 
reflects the additional need for water for both mountain lions and their prey during the 
warm and often dry Badlands summer seasons (Blake and Gese 2016).   
We did not observe large differences in resource selection between sexes.  
Interestingly, males on average exhibited slightly stronger avoidance of south facing 
slopes during the winter, with use of east and west being similar across seasons.  
Conversely, females on average exhibited avoidance of south, east, and west aspects 
during the summer, and selection for those same aspects during winter.  This result could 
relate to smaller bodied females being less tolerant of northerly aspects than larger bodied 
males during the cold and windy winter months.  We also observed one female that 
exhibited selection for disturbance during both summer and winter seasons.  Sex of the 
individual drives many facets of mountain lion ecology, including subadult dispersal 
behavior, home range size, daily movement patterns, and feeding habits (Fecske et al. 
2011).  However, sex does not seem to be particularly important in overall resource 
selection patterns (Cox et al. 2006, Kertson et al. 2013, Laing 1988, Teichman et al. 
2013).  The exception to this being females rearing kittens, as they must shift their 
behavior to account for increased energetic demands, including being active for longer 
periods, killing more frequently, and sometimes utilizing riskier habitats (Anderson and 
Lindzey 2003, Knopff et al. 2010, Smith 2014, Teichman et al. 2013, Wilckens et al. 
2016).  Among our female data were some locations obtained while the female was 
actively raising young; however, this represented a small portion of the data, and the 
effects therein were likely masked by the rest of the locations obtained without offspring. 
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Other studies of mountain lion resource selection have found similar variation in 
resource selection among individuals (Kertson and Marzluff 2010, Knopff et al. 2014).  
Mountain lions are considered generalist predators, and successfully occupy a wide 
variety of habitats throughout their geographic range in the western hemisphere (Culver 
et al. 2000).  Therefore, we expected to find differences in resource selection among 
individuals, reflecting differences in behavior of mountain lions of varying age and sex, 
but also the type and quantity of resources contained within and available to each 
individual within their home range (Ciarniello et al. 2007).  Even though strength of 
individual responses varied, it was clear that selection and avoidance was occurring at the 
population-level, based on collective individual responses.  Because our primary 
objective was to estimate resource selection patterns at the population-level, we were less 
interested in resource selection and patterns exhibited by individual animals.  We 
assumed individual β coefficients for each individual predictor variable were from a 
normally-distributed random sample and therefore, our averaged β coefficients 
approximated valid population-level β coefficients. 
POPULATION-LEVEL RESOURCE SELECTION  
Aspect had minimal influence on population-level resource selection. We 
observed overall preference for north aspects during the often-hot summer months, and a 
slight preference for south facing slopes during the cold, snowy winter months.  East and 
west aspects were avoided during both seasons, but the response was stronger during the 
summer.  Apart from thermoregulation, this likely has to do to the topography of the 
Badlands as well as prey species habitat use.  Most of the forested habitat occurred on 
north-facing slopes, while many south-facing slopes were devoid or nearly devoid of 
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trees, making it difficult to fully disentangle the effects of aspect and landcover.  Previous 
research on mule deer habitat use in the North Dakota Badlands also showed a tendency 
for mule deer use of northly aspects during the summer and fall seasons, but did not 
investigate use during the winter or spring (Jensen 1988). 
Mountain lions selected primarily for forested and to a lesser degree grass 
landscapes, while avoiding developed, barren, hay, crop, and wetland landscapes.  
Vegetative cover, primarily forest, is generally considered to be one of the limiting 
factors of mountain lion habitat, because it permits stalking, feeding, movement, and 
resting activities (Hornocker 1970, Seidensticker et al. 1973).  Conversely, mountain 
lions are known to generally avoid open areas (Elbroch and Wittmer 2012, Holmes and 
Laundré 2006) and human-dominated landscapes, although their responses can be quite 
flexible (Gray et al. 2016, Knopff et al 2014).  It should be noted that because forest can 
affect satellite communication, leading to missed GPS collar fixes, the strength of 
selection for forest was likely underestimated (Friar et al. 2004, Hebblewhite et al. 2007).  
Finally, we believe the reason for the highly variable landcover β coefficient estimates 
obtained with the Design III analysis was related to the nature of the landscape 
composition within home ranges.  Most home ranges consisted almost entirely of forest 
and grass landscape categories, so locations necessarily fell into one category or the 
other, regardless of selection.  Furthermore, several landscape categories were rare or 
absent in home ranges; accordingly, the models for individual mountain lions often 
struggled to converge and produce reliable estimates.  This was reflected in the high 
number of nonsignificant responses seen throughout the landcover categories, even when 
coefficient values indicated strong selection or avoidance.  By combining locations and 
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using a composite home-range (Design II, Manly et al. 2002), we were able to more fully 
capture the gradient of resources available and obtain more reliable estimates. 
Our results indicated a strong, nearly universal negative response to disturbance.  
Human-dominated and anthropogenically disturbed landscapes typically are negatively 
correlated with mountain lion habitat suitability (Dickson and Beier 2002, Dickson et al. 
2013, LaRue and Nielsen 2008) although their response to and tolerance of these 
landscapes is perhaps more flexible than previously thought (Gray et al. 2016, Kertson et 
al. 2013, Knopff et al. 2014).  The strength of this negative response was more than we 
anticipated, particularly based upon field observations.  Mountain lions in the study area 
routinely crossed roads and spent time in close proximity to individual oil pads, 
particularly during hours of darkness.  The strong negative response we observed was 
likely inflated due to the relationship of energy development and topography, i.e., most 
development occurred in areas of gentle topography, and mountain lions would have 
avoided these areas based upon our results for ruggedness.  Correlation analysis from 
within our study area indicated a moderate level of correlation between disturbance and 
VRM (Rho = 0.30) supporting this notion.  Further, we hypothesize that mountain lions 
were likely exhibiting diel and functional responses to disturbance (Knopff et al. 2014) 
and that visibility of disturbance was likely more important than linear distance to or 
surrounding quantity of disturbance (Fecske 2003).  Overall, we suggest that the impacts 
of disturbance, particularly energy development, are indirect rather than direct, 
manifested in improved access for hunters (Dawn 2002), increased chance of vehicle 
collision mortality, and possible changes in prey distribution and survival.  
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Mountain lions showed strong selection for complex and rugged landscapes.  This 
response was nearly universal, with responses significantly positive except for one animal 
(a male mountain lion with only a few months of locations).  This result is consistent with 
many other studies (Chetkiewicz and Boyce 2009, Dickson et al. 2013, Elbroch and 
Wittmer 2012, Kunkel et al. 2013, Logan and Irwin 1985, Riley and Malecki 2001).  
Mountain lions are a solitary, ambush predator, that must stalk close to their prey (<25m; 
Young and Goldman 1946, Holmes and Laundré 2006) to launch a successful ambush.  
Rugged and complex terrain facilitates this behavior and its success.  Furthermore, this 
type of landscape allows for security while feeding, resting, and rearing young (Logan 
and Irwin 1985, Logan and Sweanor 2001).  The exception to this was flat, riparian areas, 
particularly along the Little Missouri River.  Large stands of cottonwood trees exist 
throughout the river floodplain, and mountain lions frequently took advantage of the high 
prey density (white-tailed deer, turkey) held within these stands.  However, based on our 
observations, they rarely spent more than a few consecutive days in these areas, before 
retreating into the more rugged upland topography.  Finally, it should be noted that the 
strength of selection for rugged habitat was likely underestimated.  Satellite 
communication can become interrupted in rugged terrain, leading to missed GPS collar 
fixes.  Underrepresenting these locations would result in a β coefficient biased low (Friar 
et al. 2004, Hebblewhite et al. 2007).  Interestingly, some researchers have recently 
hypothesized that mountain lions were historically restricted to these rugged habitats by 
the presence of larger, more dominant terrestrial competitors (gray wolves [Canis lupus], 
bears, [Urus spp.]) rather than an inherent selection for them (Elbroch and Wittmer 2012, 
Riley et al. 2004, Ruth and Murphy 2010).  Our results were contrary to this theory 
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because mountain lions were the only large terrestrial carnivore occupying the Badlands 
during our study, and yet showed a clear pattern of selection for rugged terrain while 
avoiding open, flat areas such as plateaus.  Prey availability likely contributes to the 
strong selection of rugged landscapes we observed as well.  Mule deer are the primary 
food source for mountain lions in the Badlands (Wilckens et al. 2016) and preliminary 
results from a concurrent study on mule deer occupying the Badlands region indicated 
selection for moderate levels of landscape ruggedness (J. Kolar, University of Missouri, 
pers. comm.).  Additionally, past research in the Badlands indicated that adult female 
mule deer in drainages heavily dissected with arroyos (i.e., rough and complex terrain) 
had smaller home ranges when compared to drainages with few arroyos, meaning these 
drainages tended to support higher mule deer numbers (Jensen 1988). 
Elevation was not a major factor in the resource selection patterns of mountain 
lions in the Badlands region.  The slight overall negative response we observed 
corroborates other research that indicated mountain lions had a tendency for lower 
elevations (riparian habitats, wooded draws), but elevation was not a strong influence 
overall (Chetkiewicz and Boyce 2009, Dickson and Beier 2002).  However, excluding the 
Killdeer Mountains area, the Badlands region varied in elevation by only a few hundred 
meters, meaning differences from high to low elevations were an order of magnitude less 
than other studied systems.  Elevation plays a much larger role in mountainous systems, 
where mountain lions commonly display seasonal shifts in elevation, from high 
elevations in the summer to lower elevations in the winter; this reflects prey movements, 
which must migrate to lower valleys to escape difficult winter conditions (Logan and 
Irwin 1985, Pierce et al. 1999, Blake and Gese 2016).   
88 
 
Our results indicated strong selection for edge habitat, as defined by distance to 
forest boundaries.  This result agrees with previous research that has documented edge 
habitat, particularly where forest meets open habitats, as a critically important component 
of quality mountain lion habitat, because it facilities successful ambush-style hunting 
employed by the species (Elbroch et al. 2013, Holmes and Laundré 2006, Laundré and 
Loxterman 2007, Husseman et al. 2003).  We quantified edge not as a specified distance 
(i.e., 25 m; Holmes and Laundré 2006) but instead as a function of distance to forest 
boundaries because it was computationally easier, and we avoided the risk of selecting a 
value that was not biologically meaningful.  Furthermore, because of the highly 
fragmented nature and quantity of edge distributed throughout most mountain lion home 
ranges (i.e., random locations were unlikely to be extremely far from edge habitat) in our 
study area, as well as the smoothing effects of 30-m resolution landcover data, the 
response we documented likely underestimates the true nature of the importance of edge 
habitat to mountain lions in the Badlands. 
We observed a variety of individual responses to the distance to water variable, 
including selection, avoidance, and nonsignificant responses across both sexes and 
seasons.  However, when averaged across individuals, the distance to water variable had 
the β coefficient value that most closely approached zero.  This result was somewhat 
unexpected, as riparian habitats are generally thought to serve as travel corridors, as well 
as hunting and feeding cover, for mountain lions (Beier 1993, Dickson and Beier 2002, 
Logan and Irwin 1985, Laing 1988).  The variability in observed responses could relate to 
differences in individual behaviors and preferences, or availability of riparian habitats 
within home ranges.  Availability of water in the Badlands also tended to change 
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throughout the year.  Streams may or may not have flown continuously throughout the 
year, while numerous ephemeral pools, hillside seeps, and cattle water tanks were 
scattered throughout.  Alternatively, it could be argued that mountain lions in this system, 
and possibly others, rely less upon the riverine habitat itself, but more upon the broken 
terrain typically carved by rivers.  Our results of strong selection for rugged, vegetated 
landscapes, and little preference for the distance to water variable, suggest mountain lions 
may be less dependent upon riverine habitat than previously thought.  Regardless, on a 
population-level scale, our results indicated the distance to water variable was not 
influential on resource selection of resident adult mountain lions.   
HABITAT SUITABILITY MAP 
 Our habitat suitability map indicated approximately 96.5% of the state was 
unsuitable for supporting resident populations of mountain lions.  However, it is 
important to note that mountain lions are capable of long-distance dispersals and 
therefore, can occur anywhere within the state (Thompson and Jenks 2005, 2011).  Our 
intention with this map was not to map the current distribution of mountain lions in North 
Dakota, but instead quantify and map areas that could support sustainable populations of 
resident adult mountain lions.  
 The approximately 3.6% of the state deemed to be suitable habitat by our model 
was primarily located in the western part of North Dakota (Table 8).  The Little Missouri 
Badlands region contained a total of 2,936 km2 of habitat considered good and excellent 
quality while the associated Missouri River Breaks region contained an additional 1,032 
km2 of habitat considered good and excellent quality.  Collectively, these areas 
represented over 60% of the suitable habitat in North Dakota.  Because of their close 
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spatial proximity, these two ecoregions could be considered one with regard to a 
mountain lion population.  The Turtle Mountain and Pembina Gorge ecoregions 
contained the largest contiguous tracts of suitable habitat outside of the Badlands and 
Missouri River Breaks regions, with the map indicating 175 km2 and 134 km2 of suitable 
habitat within these two areas, respectively.  The remaining suitable habitat for mountain 
lions was primarily distributed in an uneven and broken fashion throughout the state.  
These areas of suitable habitat were small and isolated, and much of it clustered near 
riparian zones, particularly along the Missouri, Knife, Heart, Cannonball, Sheyenne, and 
Red rivers.  While none of these areas were of a sufficient size to support a resident 
population of mountain lions (Beier 1993), they represented potential dispersal corridors 
or islands of suitable habitat available to transient individuals and may serve as 
temporary travel, resting, or hunting habitats (Figure 6). 
Previous research has indicated that a minimum of 1,000 to 2,200 km2 of suitable 
habitat was needed to support a self-sustaining (no immigration) population of mountain 
lions with a 99% probability of persistence for 100 years (Beier 1993).  Based on this 
minimum, the combined total of 3,968 km2 of good and excellent quality habitat within 
the Badlands and Missouri River Breaks region was sufficient to support a resident 
population of mountain lions.  Additional suitable habitat was found in the nearby and 
adjacent Killdeer Mountains region, which although technically not included in the 
Badlands region, was functionally connected based upon movement data acquired from 
radio-collared mountain lions.    
 The Turtle Mountain and Pembina Gorge regions also were unable to support a 
separate, breeding population of mountain lions, due to lack of sufficient suitable habitat 
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(Beier 1993).  However, the Turtle Mountains do extend into Manitoba, Canada, and this 
area was not mapped.  Including Manitoba, the Turtle Mountains encompass 
approximately 1,680 km2, with 1,058 km2 on the North Dakota side of the international 
border (NDGFD 2006).  Based upon our habitat suitability map, approximately 16% of 
the North Dakota Turtle Mountains was considered suitable habitat; after extrapolating 
this percentage to include the Canadian portion of the region, that area of suitable habitat 
was approximately 269 km2.  Assuming both political regions consist of approximately 
equal resources, the combined area of suitable habitat in the Turtle Mountains would 
remain below the minimum necessary to support a self-sustaining population of mountain 
lions (Beier 1993).  However, the Canadian side of the Turtle Mountains is heavily 
forested with much less human impact than the North Dakota side, and even supports a 
small herd of elk.  Applying our population-level resource selection results to the 
Canadian side could lead to a more holistic view of the area’s potential for mountain 
lions, but was beyond the scope of this project.  
Interestingly, recent research conducted on a recolonizing population of mountain 
lions in Nebraska has documented resident, breeding adult mountain lions in three 
distinct areas of that state.  Two of these subpopulations occur in areas that appear to 
contain a similar or perhaps smaller quantity of suitable habitat as the combined total of 
the Turtle Mountains of North Dakota and Manitoba (S. Wilson, Nebraska Game and 
Parks Commission, pers. comm.), possibly indicating sufficient suitable habitat occurs in 
the combined Turtle Mountains region to support a small number of resident, breeding 
mountain lions.  However, several important differences exist between the Nebraska and 
North Dakota populations.  Most importantly, the Nebraska subpopulations share more 
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connectedness, due to closer spatial proximity to both each other and larger source 
populations of mountain lions in Wyoming and South Dakota.  Movement of mountain 
lions between these populations has been documented (S. Wilson, Nebraska Game and 
Parks Commission, pers. comm.), and while several individual mountain lions have been 
documented in the Turtle Mountains region over the years, none were marked and 
therefore, we can only speculate as to their origin.  Further, the habitat separating the 
Nebraska subpopulations seems more permeable than the expanses of shortgrass prairie 
and agricultural lands that occur between the North Dakota Badlands and the Turtle 
Mountains regions.  Several prominent landscape features run perpendicular to the 
shortest path between the source population in North Dakota and the Turtle Mountains 
region, opposite of the landscape patterns in Nebraska.  Finally, mountain lions are 
currently not hunted in Nebraska while the opposite is true in North Dakota, possibly 
acting to further inhibit immigration from the Badlands.  Taking all these considerations 
into account, it seems plausible that under a scenario of increased connectivity between 
the North Dakota Badlands and Turtle Mountains region, the area could support a small 
number of resident breeding adults.  However, this scenario remains highly unlikely 
under the management scheme and land-use patterns currently in place in North Dakota. 
The distribution and relative quality of suitable habitat throughout the Badlands 
and Missouri River Breaks region was not equal.  The Badlands contained more suitable 
habitat than the Missouri River Breaks, and held the vast majority of habitat considered 
excellent quality habitat.  The Missouri River Breaks held far less suitable habitat, and 
the suitable habitat that occurred was in a linear, patchy distribution.  This was likely a 
reflection of the Missouri River Breaks being concentrated alongside the banks of the 
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river, and becoming relatively flat areas of shortgrass prairie and agricultural landscapes 
at the heads of the drainages.  Within the Badlands, there was a clear pattern of 
decreasing habitat suitability from north to south.  Most of the habitat considered 
excellent quality was concentrated in the northern stretches of the Badlands, with little 
occurring south of Interstate 94.  Additionally, most of the habitat considered good and 
excellent quality habitat lied east of the Little Missouri River.  These patterns corroborate 
well with observations made during our fieldwork, input from local residents, and 
mountain lion harvests.  Although mountain lions occurred throughout the Badlands and 
Missouri River Breaks, mountain lion density was generally considered highest in the 
northern Badlands region, in an area running west and south approximately from the 
confluence of the Little Missouri River and Lake Sakakawea, to the northern stretches of 
Billings County.  These areas were also more rugged and forested than those farther 
south, particularly the Badlands south of Interstate 94.  The southern Badlands landscape 
tends to become more characterized by rolling hills and scattered forested areas, 
dominated by several prominent buttes, resulting in a patchwork of suitable habitat 
interspersed with less suitable prairie landscapes.  The distribution of habitat considered 
good and excellent quality habitat throughout these regions reflected these patterns.   
Our validation and comparison analysis indicated our habitat suitability model did 
a superior job of mapping suitable habitat compared to the previous model (NDGFD 
2006).  Our model classified most mountain lion locations as occurring in high quality 
habitats, with very few occurring in low quality habitat (Figure 5).  The model validated 
much better in Zone 1 than Zone 2, not surprising since the map was based upon 
mountain lion resource selection patterns occurring within Zone 1.  However, we were 
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pleasantly surprised to find our model still validated relatively well in Zone 2.  According 
to our model, 42 of the 68 verified mountain lion reports in Zone 2 occurred in the four 
highest relative habitat suitability ranks (Figure 5, 6).  This result implies that these 
mountain lions were still searching out the most suitable habitat available to them as they 
ventured across the prairie and agricultural expanses outside of the Badlands.   
Though our model validated well, we acknowledge some flaws.  Particularly, 
there were some areas of the habitat suitability map classified as moderate-low quality 
habitat that we expected to be considered good or excellent quality habitat.  Much of the 
Little Missouri River bottom was classified as moderate-low quality habitat, in contrast to 
field observations, input from residents, and many locations recorded from radio-collared 
mountain lions within this riparian habitat.  The flat river bottoms surrounding the portion 
of the river that flows generally west to east, and through the northern Badlands area, was 
known to be suitable mountain lion habitat, but our model failed to classify it as such.  
We believe this primarily reflected its flat topography; as such, it lacked significant input 
from our ruggedness variable and therefore, it did not rank high enough to be included in 
the good quality habitat rank.  Similarly, the amount of suitable habitat identified in the 
Killdeer Mountains region was slightly underestimated.  The Killdeer Mountains were 
known to be suitable mountain lion habitat, including portions of which that were ranked 
as moderate-low quality.  This likely was the result of the region’s raised elevation 
relative to the surrounding area, which in our model would have equated to slightly less 
suitability.  Because of the limitations addressed here, we consider our model to be a 
slightly conservative estimate of suitable habitat.  
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COMPARISON WITH OTHER HABITAT SUITABILITY MAPS 
 Two previous attempts have been made to map suitable habitat for mountain lions 
in North Dakota (LaRue and Nielsen 2011, NDGFD 2006).  Neither was based upon a 
RSF; instead, the first was based upon published habitat requirements (NDGFD 2006) 
and the second on information gathered from a survey of mountain lion experts (LaRue 
and Nielsen 2011).   
The initial habitat suitability map (NDGFD 2006, Figure 1) identified a similar 
pattern as our model, with most suitable habitat located in the Badlands and Missouri 
River Breaks regions of North Dakota, and a decreasing gradient from west to east across 
the remainder of the state.  The initial map identified a total of 2,927 km2 of suitable 
habitat within the Badlands, 1,710 km2 in the Missouri River Breaks, 573 km2 in the 
Turtle Mountains, and 270 km2 in the Pembina Gorge.  In addition, another contiguous 
area of suitable habitat was identified in Mercer County south of the Knife River, totaling 
344 km2.  We found a comparable amount of suitable habitat in the Badlands (2,936 
km2), but found substantially less in the other three regions (1,032 km2, 175 km2, 134 
km2, respectively) and did not consider the portion along the Knife River to be a 
contiguous tract.  Both models concurred that only the Badlands and Missouri River 
Breaks contained sufficient habitat to support a resident population of mountain lions.  
Both models also revealed habitats located across the state that could be important to 
transient individuals; although our model indicated less quantity and less connectivity of 
suitable habitat.  However, our map identified higher proportions of locations within the 
habitats considered good and excellent quality habitats, indicating it did a superior job of 
locating and ranking suitable habitats.  A noticeable difference was a clear concentration 
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of suitable habitat (particularly the excellent quality habitat) into the northern Badlands 
area, and a decrease of suitable habitat in other areas west of the Missouri River.  These 
results indicate that less suitable habitat likely existed in North Dakota than originally 
estimated. 
 LaRue and Nielson (2011) estimated a total of 10,267 km2 of suitable habitat 
within North Dakota.  Furthermore, based upon their criteria, the only area in the state 
containing sufficient habitat for a resident population occurred in the Badlands region; 
the amount of suitable habitat within the Badlands was estimated to be 3,825 km2 (LaRue 
and Nielsen 2011).  The total amount of habitat they estimated was comparable to the 
2006 estimate (10,267 km2 and 10,980 km2, respectively) but significantly larger than our 
total estimate (6,557 km2).  Interestingly, the opposite was true regarding the Badlands 
estimates, with their estimate being noticeably larger (3,825 km2) than either the 2006 
estimate or our estimate (2,927 km2 and 2,936 km2, respectively).  All three models 
concluded that any resident population of mountain lions was mostly restricted to the 
Badlands region, due to insufficient suitable habitat elsewhere in the state.  Importantly, 
because our model predicted less suitable habitat than other models, any population 
estimates based upon the first two models likely overestimate the true capacity for 
mountain lions within North Dakota. 
ECOLOGICAL CARRYING CAPACITY 
Based on our habitat suitability map, North Dakota contained sufficient suitable 
habitat to support an average of 38 to 61 resident adult mountain lions (average minimum 
= 38 ± 16 [SD], average maximum = 61 ± 22 [SD]).  This was slightly lower than the 
original estimate of 45 to 74 resident adults (average minimum = 45 ± 18 [SD], average 
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maximum = 74 ± 27[SD]), based upon the previous habitat suitability map (NDGFD 
2006).  It is important to note these are not estimates of current population size; rather, 
they are estimates of the potential carrying capacity of resident adult mountain lions 
based upon quantity of suitable habitat.  These estimates also do not include dependent 
kittens, independent subadults, or transients from other populations.  Furthermore, these 
estimates are only valid if the following assumptions are true: 1) mountain lion prey are 
abundant throughout the Badlands and Missouri River Breaks regions, 2) the habitat 
suitability map accurately identifies suitable mountain lion habitat in North Dakota, and 
3) the density estimates we used from other states are similar to mountain lion densities 
in North Dakota and are consistent throughout the entire region of suitable habitat.  If 
these assumptions are met, we can speculate one step further.  While data on population 
composition is sparse and variable across mountain lion populations and harvest regimes, 
if we assume resident adult mountain lions make up approximately 61% of the population 
(Logan and Sweanor 2001), we may then propose that North Dakota contains suitable 
habitat sufficient to support a total population between approximately 62 to 100 total 
individuals (38/0.61 = 62, 61/0.61 = 100).   
If mountain lions in North Dakota are to fully occupy the suitable habitat 
identified, there must be sufficient prey to support them (Logan and Sweanor 2001).  
Unfortunately, we were unable to incorporate prey density information into our analyses.  
However, based upon field observations and body condition of harvested mountain lions, 
prey density does not seem to be a limiting factor at this time.  Furthermore, prey 
densities were likely higher in the northern Badlands than the southern Badlands (Bruce 
Stillings, NDGFD, pers. comm.), an interesting result when considered alongside the 
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distribution of habitat considered excellent quality mountain lion habitat in those same 
areas.  Further research addressing the distribution and density of prey, coupled with our 
model of habitat suitability, would lead to a more holistic understanding of this predator-
prey system.   
Despite all the work presented here, an important caveat of managing any large 
carnivore population must be addressed.  Regardless of quantity and quality of suitable 
habitat, the human component must also be taken into consideration.  Human tolerance, 
or lack thereof, of large predators has the ability to outweigh most other biological 
concerns.  As mountain lions continue to expand their distribution into stretches of their 
former range, many of which have been devoid of large carnivores for a century or more, 
managers will have to grapple with the biological and perhaps more importantly social 
concerns a recolonizing species like mountain lions will impart.   
MANAGEMENT IMPLICATIONS 
Our research is a key step forward in understanding the current and future 
distribution of mountain lions in North Dakota.  By utilizing RSFs and locations obtained 
from radio-collared mountain lions, we were able to characterize resource selection 
patterns and map suitable habitat, providing managers the ability to confidently delineate 
source populations of mountain lions in North Dakota.  Building upon this information, 
we estimated potential carrying capacity for mountain lions in North Dakota, meaning 
managers in the state now have an enhanced ability to manage this species within the 
context of possible population sizes.  Furthermore, our work may be of benefit to 
managers across the Midwestern United States contemplating management strategies in 
response to expanding mountain lion populations in the coming decades.  Together, our 
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results provide managers in North Dakota and beyond with new information on a unique 
population of mountain lions, helping to set the stage for responsible and scientifically-
informed decisions regarding the management of this species in the future. 
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Figure 1. Original habitat suitability map for mountain lions in North Dakota (NDGFD 2006).  
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Figure 2. Our study area was located within the Little Missouri Badlands of western North 
Dakota from 2014–2016, and was entirely within mountain lion Management Zone 1 (NDGFP 
2006; subset). 
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Figure 3.  Histogram of reclassified resource selection function values, with relative 
habitat categories and breakpoints depicted.  The values above zero were considered 
suitable habitat (green = good quality, purple = excellent quality), while those 
immediately preceding zero were considered marginal habitat (tan = moderate-low 
quality) or unsuitable habitat (white = unsuitable, red = highly unsuitable).  
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Table 1. List of a priori models developed and tested to explain mountain lion resource selection in the North Dakota Badlands.   
Model Name Model Structure Reasoning 
Individual 
Top Model 
Frequency 
Global aspect + disturb + landcover + vrm + elevation + Dist_Edge + Dist_Water  17 
Null 1  0 
Terrain1 aspect + landcover + vrm + elevation + Dist_Water Observations 0 
Terrain2 aspect + vrm + elevation + Dist_Water Observations 0 
Fecske1 landcover + slope + Dist_Water NDGFD 2006 0 
FeckseVRM landcover + vrm + Dist_Water NDGFD 2006 0 
Johnson1 disturb + landcover + vrm +Dist_Edge Observations 0 
Johnson2 landcover + vrm + Dist_Edge Observations 0 
Expert1 disturb + landcover + slope + Dist_Water 
O'Neil et al. 2014, LaRue and 
Nielsen 2011 
0 
Expert2 aspect + disturb + landcover + vrm + Dist_Water Dickson et al. 2013 3 
Knopff aspect + disturb + landcover + vrm + Dist_Edge Knopff et al. 2014 1 
Prey aspect + landcover + Dist_Edge 
Holmes and Laundré 2006, 
Laundré and Loxterman 2007 
0 
RuggedForest landcover + vrm Riley and Malecki 2001 0 
Disturbance disturb + landcover Observations 0 
RiverCats elevation + Dist_Water Observations 0 
Edge Dist_Edge Holmes and Laundré 2006 0 
VRM vrm Observations 0 
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Table 2. Population-level standardized coefficient values stratified by sex and season.  These values were derived by averaging 
coefficient values obtained from each individual's top model within each season.  Aspect coefficient values are in reference to north, 
landcover coefficients are in reference to open water.  
 Male mountain lions Female mountain lions Average 
Summer 
β value 
Average 
Winter β 
value 
Combined 
Average β 
value 
 Summer Winter Summer Winter 
Variable β value S.E. β value S.E. β value S.E. β value S.E. 
Aspect           South -0.056 0.065 -0.226 0.120 -0.206 0.092 0.310 0.137 -0.131 0.042 -0.044 
                      East -0.602 0.118 -0.443 0.218 -0.328 0.132 0.144 0.159 -0.465 -0.149 -0.307 
                      West -0.391 0.059 -0.306 0.096 -0.336 0.098 0.087 0.116 -0.364 -0.110 -0.237 
*Landcover Develop -7.879 4.208 0.561 0.635 -9.697 2.721 -9.393 2.575 -8.788 -4.416 -6.602 
                      Barren 1.668 2.759 9.976 3.777 2.098 2.340 6.911 2.894 1.883 8.443 5.163 
                      Forest 6.020 3.365 11.059 3.621 3.326 2.255 7.902 2.893 4.673 9.480 7.077 
                      Grass 5.142 3.374 10.428 3.577 2.425 2.266 7.052 2.894 3.783 8.740 6.262 
                      Hay -7.092 3.179 -2.729 3.791 -7.739 2.577 -9.082 3.252 -7.416 -5.905 -6.660 
                      Crops 4.870 3.938 0.298 5.862 -8.158 4.381 -2.191 3.999 -1.644 -0.947 -1.295 
                     Wetland -4.100 3.128 -4.477 4.543 -8.447 2.770 -4.194 4.428 -6.273 -4.335 -5.304 
Disturbance -0.393 0.057 -0.532 0.084 -0.183 0.089 -0.445 0.233 -0.288 -0.488 -0.388 
Ruggedness (VRM) 0.265 0.144 0.388 0.044 0.294 0.065 0.320 0.045 0.280 0.354 0.317 
Elevation -0.070 0.303 0.229 0.450 -0.072 0.056 -0.238 0.057 -0.071 -0.005 -0.038 
Distance to Edge -0.262 0.064 -0.296 0.122 -0.315 0.248 -0.688 0.162 -0.289 -0.492 -0.390 
Distance to Water -0.122 0.089 -0.043 0.194 0.013 0.050 0.114 0.052 -0.054 0.036 -0.009 
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Table 3.  Population-level standardized coefficient values used to inform habitat suitability 
map.  Aspect coefficient values are in reference to north, landcover coefficients are in reference 
to open water. 
  95% CI 
Variable β Lower Upper 
Aspect          South -0.044 -0.168 0.079 
                     East -0.307 -0.468 -0.147 
                     West -0.237 -0.346 -0.127 
Landcover   Develop -1.629 -3.441 -0.456 
                     Barren -0.216 -0.469 0.050 
                     Forest 0.945 0.704 1.201 
                     Grass 0.164 -0.078 0.420 
                     Hay -2.653 -4.064 -1.658 
                     Crops -1.470 -2.042 -0.953 
                     Wetland -0.590 -1.105 -0.113 
Disturbance -0.388 -0.462 -0.314 
Ruggedness (VRM) 0.317 0.291 0.343 
Elevation -0.038 -0.135 0.059 
Distance to Edge -0.390 -0.490 -0.290 
Distance to Water -0.009 -0.059 0.040 
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Table 4.  Total number of responses to each variable by sex and season. Responses were classified as either positive (+), negative (-), 
or nonsignificant (NS) based on coefficient sign and whether the confidence interval around the coefficient for an individual mountain 
lion overlapped 0.  Aspect coefficient values are in reference to north, landcover coefficients are in reference to open water.  
  Males   Females 
  Summer Winter   Summer Winter 
Variable + - NS + - NS Variable + - NS + - NS 
Aspect         South 0 2 3 0 2 2 Aspect         South 0 2 4 3 0 3 
                    East 0 4 1 0 3 1                     East 0 3 3 3 0 3 
                    West 0 5 0 0 2 2                     West 0 5 1 3 1 2 
Landcover   Develop 0 5 0 0 4 0 Landcover   Develop 1 5 0 1 4 1 
                     Barren 0 1 1 0 0 2                      Barren 0 3 1 0 3 1 
                     Forest 1 1 3 1 1 2                      Forest 1 1 4 3 0 3 
                     Grass 0 0 5 0 0 4                      Grass 4 0 2 2 0 4 
                     Hay 0 1 4 0 0 4                      Hay 2 1 3 2 0 4 
                     Crops 0 3 1 1 1 2                      Crops 0 2 3 0 2 2 
                     Wetland 1 2 2 1 1 2                      Wetland 1 5 0 1 2 3 
Disturbance 0 2 1 0 1 2 Disturbance 0 3 3 1 3 2 
Ruggedness (VRM) 4 1 0 4 0 0 Ruggedness (VRM) 6 0 0 6 0 0 
Elevation 2 3 0 1 2 0 Elevation 1 2 1 0 3 2 
Distance to Edge 1 2 3 0 1 2 Distance to Edge 1 4 0 0 4 1 
Distance to Water 1 3 1 1 1 2 Distance to Water 2 2 1 4 0 2 
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Table 5. Total number of responses to each habitat variable by season.  Responses were 
classified as either positive (+), negative (-), or nonsignificant (NS) based on coefficient 
sign and whether the confidence interval around the coefficient for an individual mountain 
lion overlapped 0.  Aspect coefficient values are in reference to north, landcover 
coefficients are in reference to open water.  
 
Summer Winter 
Variable + - NS + - NS 
Aspect               South 0 4 7 3 2 5 
                          East 0 7 4 3 3 4 
                          West 0 10 1 3 3 4 
Landcover       Develop 0 4 2 0 3 3 
                          Barren 2 2 7 4 1 5 
                          Forest 4 0 7 2 0 8 
                          Grass 2 2 7 2 0 8 
                          Hay 0 5 4 1 3 4 
                          Crops 2 7 2 2 3 5 
                          Wetland 0 5 4 1 4 4 
Disturbance 1 10 0 1 8 1 
Ruggedness (VRM) 10 1 0 10 0 0 
Elevation 3 5 1 1 5 2 
Distance to Edge 2 6 3 0 5 3 
Distance to Water 3 5 2 5 1 4 
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Table 6.  Population-level standardized coefficient values for the aspect categorical 
variable, divided by sex and season.  Reference category is north.  A distinct seasonal 
response in female mountain lions is shown by the lack of significant positive responses 
(β 95% confidence interval overlaps 0) during the summer season for south, east, or 
west categories, while during the winter season several responses become positive or 
non-significant. 
  
Males 
 
Summer Winter 
Aspect 
95% CI 
lower 
β 
95% CI 
upper 
95% CI 
lower 
β 
95% CI 
upper 
South -0.120 -0.056 0.009 -0.345 -0.226 -0.106 
East -0.720 -0.602 -0.485 -0.661 -0.443 -0.224 
West -0.450 -0.391 -0.332 -0.403 -0.306 -0.210 
 Females 
 Summer Winter 
Aspect 
95% CI 
lower 
β 
95% CI 
upper 
95% CI 
lower 
β 
95% CI 
upper 
South -0.299 -0.206 -0.114 0.172 0.310 0.447 
East -0.460 -0.328 -0.196 -0.015 0.144 0.303 
West -0.434 -0.336 -0.238 -0.029 0.087 0.204 
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Table 7. Relative habitat ranks and the total amount of each within the state of 
North Dakota.  We considered the habitats considered either good or excellent 
quality to constitute suitable habitat for mountain lions. 
Habitat Category Value Total Area (km2) % Total State Area 
Excellent Quality 5 328 0.18% 
Good Quality 4 6219 3.39% 
Moderate-Low Quality 3 47409 25.87% 
Unsuitable 2 124835 68.11% 
Highly Unsuitable 1 887 0.48% 
Open Water 0 3093 1.69% 
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Table 8.  Relative habitat ranks and the total amount of each occurring within four of the 
major ecoregions of North Dakota. We considered the habitats considered either good or 
excellent quality to constitute suitable habitat for mountain lions.  Values were rounded to the 
nearest km2.  
Habitat Category 
Little 
Missouri 
Badlands 
(km2) 
Missouri 
River 
Breaks 
(km2) 
Turtle 
Mountains 
(km2) 
Pembina 
Gorge 
(km2) 
Remainder 
of State 
(km2) 
Excellent Quality 279 37 0 0.5 12 
Good Quality 2657 995 175 133 2259 
Moderate-Low 
Quality 
3021 2192 526 145 41525 
Unsuitable 293 1189 316 424 122613 
Highly Unsuitable 0.8 14 1 0.1 871 
Open Water 67 1227 26 0.9 1772 
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Figure 4.  Habitat suitability map for mountain lions in North Dakota, based upon population-level resource selection functions 
and locations obtained from radio-collared mountain lions.
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Figure 5. Validation graphs for Zone 1 in-sample validation, Zone 1 out-of-sample 
validation, and Zone 2 out-of-sample validation.  Bar height represents the proportion of 
locations and respective relative bin rank.  
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Figure 6.  Verified mountain lion reports occurring in Zone 2 between 1993 and 2016 (n = 68) projected unto the statewide 
mountain lion habitat suitability map.  These locations consist of carcasses, sign, tracks, sightings, or photos confirmed by North 
Dakota Game and Fish Department personnel.  Locations are accurate to the midpoint of the section in which the report occurred. 
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Figure 7.  Comparison of model performance between previous habitat suitability model for 
North Dakota (NDGFD 2006) and RSF-informed statewide habitat suitability model. 
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Figure 8. This map identifies the locations of the four ecoregions holding most of the suitable mountain lion habitat within North 
Dakota.  The remainder of suitable habitat outside these ecoregions is also visible. 
